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ABSTRACT 
 Benthic foraminifers that host algal symbionts are similar to corals in that they rely on 
their algal endosymbionts for their energy needs, calcify prolifically, and are sensitive to changes 
in environmental conditions.  They are abundant in the benthos of coastal coral-reef areas and are 
found throughout the tropical and subtropical regions.  Pulse Amplitude Modulated (PAM) 
chlorophyll fluorometry and chlorophyll a extraction techniques were used to quantify and 
compare the photosynthetic responses of the benthic foraminifera, Archaias angulatus and their 
isolated endosymbionts, Chlamydomonas hedleyi, to short-term changes in temperature.  
Maximum quantum efficiency (Fv/Fm) and rapid light curves (RLCs), from which relative 
electron transport rates (rETR) of photosystem II (PSII) were derived, were investigated over a 
thermal range from 4.4° to 33.9 °C in three experiments that were 7 to 31 days in duration.  
Typical mean yields (Fv/Fm) for healthy holobionts (symbionts in hospite) were 0.6 - 0.7, and for 
isolated symbionts 0.5 - 0.6.  Chronic photoinhibition, indicated by significant decreases in 
Fv/Fm, occurred at temperatures above 31.0°C; there was minimal reduction in efficiency in 
cooler treatments.  The trends between holobiont and symbionts were very similar in all of the 
photophysiological parameters measured [yield, photoefficiency (α), ETRmax and minimum 
saturating irradiance (Ek)] and supported the temperature range findings in terms of the tolerance 
of the specimens in the low temperatures up to 31.0 °C.  For all photochemical measurements 
assessed, the holobiont values tended to be somewhat higher than those for the symbionts, with 
the exception of Ek, possibly indicating a tight coupling in the host-symbiont response during 
 x 
 
photosynthesis.  Chlorophyll a (µg/foram) was negatively correlated with temperature  
(r = -0.37, p < 0.001) in Experiments 1 and 2.  However, in all 3 experiments, chlorophyll a was 
variable, suggesting a high degree of individual variability in A. angulatus and the ability to 
acclimate.  Some differences observed among treatments may be related to differences in seasons 
when the specimens were collected and in length of time in culture prior to experiments.  
Holobiont median rETR light curve trends and photophysiological derived parameters recorded 
median Ek ranges of ~100-150 µmol photons m-2 s-1, observed ETRmax light intensities of ~200 
µmol photons m-2 s-1 and photoinhibition, induced by increasing irradiance intensities, which 
occurred > 500 µmol photons m-2 s-1.  These light curve trends and derived parameters generally 
supported previous photosynthesis O2 and CO2 gas production studies of A. angulatus. The 
differences in responses associated with acclimation should be considered in design of future 
experimental studies.  
 This was the first known physiological study of the viable temperature range and 
photobiology of A. angulatus using chlorophyll fluorometry methods.  Though commonly found 
in Caribbean and Atlantic waters ranging from 14.0 – 31.0 °C, these results indicate a wider 
thermal-tolerance range for A. angulatus than was previously known.     
Keywords:  Foraminifera, Chlamydomonas sp., PAM fluorometry, photosynthesis, algal 
symbiosis 
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INTRODUCTION 
Coral reefs are ecologically diverse, inhabited by hundreds of thousands of species, many 
of which rely on mutualistic symbiotic associations (Hoegh-Guldberg 2005).  An important 
category of symbiosis involves photosynthetic single-celled algae.  Algal endosymbionts are 
found in a variety of reef organisms, including foraminifers and other protists, sponges, corals, 
jellyfish, sea anemones, mollusks and ascidians (Glynn 1996; Coffroth & Santos 2005).  The 
algae provide fixed carbon to their hosts through photosynthesis and the hosts protect their algae 
and provide them with light-rich environments (Muscatine 1990).  Thus, algae augment 
respiration, calcification (in calcifying organisms), growth and reproduction of their hosts. The 
term “holobiont” is a useful term to refer to the host-symbiont unit (Margulis & Foster 1991; 
Rowan 1998). 
Over the past 30 years, coral-reef mass-bleaching events, caused by host digestion and/or 
expulsion of their algal endosymbionts and thus color loss, have increased worldwide.  These 
events have been correlated with elevations in ocean temperature, acidification, ultraviolet 
radiation and environmental degradation (Jokiel & Coles 1990, Glynn 1991, Hoegh-Guldberg et 
al. 2007).  Even though these negative impacts are predicted to increase, testing threshold limits 
of reef ecosystems, some species may be better able to adapt to these changes than others.    
Previous research has shown that the interrelationship of the holobiont and the specific 
physiological attributes of the different algal taxa play major roles in tolerance levels of these 
organisms to changes in environmental conditions (Fitt et al. 2001).   For example, Rowan 
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(2004) showed that cultured dinoflagellates extracted from different coral-reef organisms had 
different responses to thermal changes in the culture media.  Berkelmans and van Oppen (2006) 
also demonstrated that adult Acropora millepora corals acquired thermal tolerance by changing 
the algal symbiont clade prevalent within their tissues.  In addition, Sinutok et al. (2011) 
demonstrated significant decreases in photosynthesis and calcification in the benthic foraminifer 
Marginopora vertebralis, in response to elevations in temperature and CO2 levels.  While many 
studies have focused on the relationship between coral and their algal endosymbionts, as well as 
other common invertebrate host species (i.e., mollusks), far fewer studies have focused on 
protists, such as foraminifers, which host a much greater variety of algal endosymbionts.   
Large Benthic Foraminifers (LBF)   
Large benthic foraminifers (LBF) are unicellular eukaryotic marine protists ranging in 
size from 1mm up to 30 cm (Lee et al. 2010).  Like reef-building corals, many LBF rely on algal 
symbionts for their energy needs for respiration, calcification and growth.  They have a shell 
(test), fixed openings (foramina) and complex chambers that house the photosynthetic algal 
endosymbionts and compartmentalize cellular functions (Sen Gupta 1999).  Large benthic 
foraminifers are abundant in the benthos of coral-reef areas throughout the tropical and 
subtropical regions.  Their life span, though long compared to other protists, is relatively short 
when compared with corals, lasting several months to a year (Lee 2006).  Though corals host 
dinoflagellates as their algal endosymbionts, LBF are unique among marine groups in that they 
host a variety of algal taxa.  Common LBF genera include Archaias, Amphistegina, Sorites and 
Peneropolis that host green algae, diatoms, dinoflagellates and red algae, respectively (reviewed 
in Lee 2006, Lee et al. 2010).  The symbionts transfer large amounts of photosynthate to the host, 
providing an ample energy supply in typically oligotrophic waters (Lee et al. 2010).  LBF 
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contribute significant amounts of carbon within coral-reef ecosystems, playing an important role 
in calcium carbonate and primary production pathways (Hallock et al. 1986, Langer et al. 1997).   
Foraminifers, like corals, are sensitive to changes in environmental conditions.  Due to 
their environmental sensitivity, small size, prodigious numbers, relatively short life cycle, 
accessibility (by wading, snorkeling or scuba) and ease in monitoring, they have become 
recognized as excellent biological indicators for conditions in coral-reef areas under short and 
long term stress (Hallock et al. 2003, Nobes et al. 2008, Cooper et al. 2009).   Although there are 
obvious differences between corals and foraminifers, understanding their responses to 
environmental stress may aid marine-resource management agencies in the preservation of 
remaining tropical and subtropical reef resources (Nobes et al. 2008, Souder et al. 2010). 
Archaias angulatus   
Archaias angulatus (Fichtel and Moll 1798) is an abundant Atlantic and Caribbean 
tropical-subtropical shallow-water LBF species whose habitat ranges from shallow subtidal       
(< 1 m depth) nearshore to 20 m or more on open-shelf and reef-margin habitats (Hallock & 
Peebles 1993).  They are classified in the Order Miliolida, Family Soritidae and Subfamily 
Archaiasinae (Sen Gupta 1999) and are characterized by an involute planispiral discoid test (Fig. 
1) (Lee et al. 1974).  These foraminifers live up to one year and are commonly found in seagrass 
beds of Thallasium testudinum amongst filamentous algae (Lee et al. 1974, Martin 1986, Fujita 
& Hallock 1999).  They have been found in densities of 15 x 104 m-2 that can produce 
approximately 60 g CaCO3 m-2 yr-1 (Hallock et al. 1986).  Archaias angulatus have relatively 
weak pseudopodia, used in attachment, which limits their range in high energy environments.  
Yet, they require some water motion due to an intolerance of reduced oxygen (Martin 1986, 
Hallock & Peebles 1993).   
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Figure 1.  Archaias angulatus from Florida Bay adjacent to Layton, FL (scale = 1 mm). 
 
 
Archaias angulatus harbor a chlorophyte endosymbiont, Chlamydomonas hedleyi, of the 
volvocalean and chlorococcan lines, 10-14 µm in diameter as identified by (Lee et al. 1974) 
using ultrastructure techniques.  More recent phylogenetic studies, however, have suggested that 
it may harbor a separate chlorophyte endosymbiont species (lineage) (Pawlowski et al. 2001).  
Whether it is C. hedleyi or another species still needs to be further investigated.  In this paper it 
will be referred to as C. hedleyi.    
Energy needs of A. angulatus are supplied by photosynthate provided by their 
endosymbionts and by active grazing.  Studies by Lee et al. (1974) and Duguay and Taylor 
(1978) of C. hedleyi and A. angulatus respectively, showed a tight coupling within the holobiont 
(Table 1).  Lee et al. (1974) suggested that up to 60% of the photosynthate produced was 
transferred to the host, providing a significant energy source.  Duguay and Taylor (1978) showed 
that primary production and calcification rates in A. angulatus were light enhanced.  
Calcification rates in light were reported to be directly proportional to photosynthesis and at least 
2-3 times higher than that observed in the dark. 
Previous research analyzing foraminiferal responses to elevated temperatures or light 
exposure have shown disruptions in the photosynthetic process and demonstrated significantly  
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Table 1.  Previous biological or physiological studies of A. angulatus or its algal symbionts. 
Reference Study Focus 
Lee & Zucker 1969 Used radioisotope procedures to examine the carbon uptake and 
calcification rates over a 19 day period at different light intensities and 
feeding regimes. 
Lee et al. 1974 Studied the taxonomic identity and physiological ecology of cultured C. 
hedleyi using electron microscopy, radioisotopes and a differential 
respirometer to examine carbon uptake and oxygen evolution across 
temperature, salinity, pH and media nutrient ranges. 
Lee & Bock 1976 Used radioisotope procedures in Key Largo, FL, to study in situ primary 
productivity, calcium uptake and feeding rates. 
Duguay & Taylor 1978 Used radioisotope procedures in laboratory experiments to study primary 
productivity and light-enhanced calcification rates. 
Duguay 1983 Used radioisotope procedures in Key Largo, FL, to examine carbon uptake 
and calcification in three benthic foraminifers, including A. angulatus, at 
different light intensities. 
Hallock et al. 1986 Collected monthly phytal samples from Key Largo, FL, to analyze 
population biology and calculate carbonate sediment productivity.  
Martin 1986 Collected sediment samples from 21 stations from Key Largo, FL, to 
analyze the habitat and distribution of A. angulatus.  
Hallock & Peebles 1993 Analyzed the habitats of six species of foraminifera with chlorophyte 
endosymbionts in Florida Keys. 
Wilson  2006 Collected sediment samples around Nevis, Lesser Antilles, to analyze A. 
angulatus distribution between windward and leeward coasts. 
Souder et al. 2010 Analyzed shell anomalies observed in archived specimens from 1982-83 
with specimens collected live in 2006-07 from Key Largo, FL. 
Walker et al. 2011 Used “Clark” type oxygen electrode to analyze oxygen production and 
consumption in 5 species of benthic foraminifers at different light 
intensities. 
 
 
reduced rates of calcification, growth and overall holobiont health; factors that have led to 
bleaching and sometimes death (see Table 2) (Talge & Hallock 2003, Williams & Hallock 2004, 
 6 
 
Schmidt et al. 2011).  Fast and efficient photosynthesis-control mechanisms are essential for 
photosynthetically active holobionts, such as A. angulatus, to survive.   
 
Table 2.  Examples of physiological studies on other large benthic foraminiferal (LBF) species. 
Reference Species Study Focus 
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Röttger et al. 1972, 1980 Heterostegina depressa Amphistegina lessonii X   X    
Hallock et al. 1986 Amphistegina spp. X   X    
Talge & Hallock 2003 Amphistegina gibbosa X  X X   X 
Williams & Hallock 2004 Amphistegina gibbosa X   X    
Nobes et al. 2008 Several species    X    
Richardson 2009 Sorites dominicensis  X      
Fujita et al. 2011 Several species X     X  
Reymond et al. 2011 Marginopora 
vertebralis X X   X   
Schmidt et al. 2011 
Amphistegina radiata, 
Heterostegina 
depressa, Calcarina 
hispida 
 X     X 
Sinutok et al. 2011 Marginopora 
vertebralis X X    X  
Uthicke et al. 2011 Marginopora 
vertebralis  X   X   
Walker et al. 2011 Several species    X    
Ziegler & Uthicke 2011 Several species    X    
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Photosynthesis and Photoinhibition  
Photosynthesis (PS) is a photochemical process that converts carbon dioxide into organic 
compounds using sunlight.  It occurs in plants, algae and in some species of bacteria.  
Photosynthesis is a multistep process that consists of two major groups of reactions: the light 
reactions and the non-light reactions or Calvin-Benson Cycle.  Photosynthesis begins when light 
is absorbed in the chloroplasts by photosynthetic reaction centers II and I (PSII and PSI) that 
contain chlorophylls and secondary pigments such as carotenoids and xanthophyll (Miller 2004).  
The light-absorbing pigments in the two photosystems convert photon energy into photochemical 
and non-photochemical energy (i.e., heat and fluorescence).  Photosystem II is the first reaction-
center complex in the light-dependent reactions and begins the process by splitting water, 
absorbing light and exciting electrons to a higher energy state (Fig. 2).  These electrons are 
transferred by an electron transport chain to ultimately reduce NADP+ to NADPH, which is then 
used to fix carbon in the non-light reactions (Falkowski & Raven 2007).   
 Photosynthetic mechanisms, especially PSII, can be damaged by light absorption 
(photodamage), causing a decrease in photoefficiency or complete photoinhibition (Takahashi & 
Badger 2011).  Studies by Takahashi and Badger (2011) found that photoinhibition is associated 
not only with excess light energy being absorbed causing photodamage, but with the inhibition 
of PSII repair itself, thus accelerating photoinhibition.  In addition to excess light absorption, the 
photochemical processes in algal endosymbionts have been found to be affected by other 
environmental parameters such as temperature, pH, salinity, nutrients, water motion and 
pollution (Iglesias-Prieto et al. 1992, Talge & Hallock 2003, Brading et al. 2011, Reymond et al. 
2011). 
 Takahashi and Badger (2011) describe numerous photoprotective pathways and 
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Figure 2.  Overview of internal carbon cycling.  Endosymbiont photosynthesis takes place 
within the algae chloroplast with the light reactions occurring in the thylakoid membranes and 
the dark reactions in the stroma.  The vast majority of the assimilated photosynthate (CH2O)n  is 
typically transferred to the host (adapted from Woodridge 2010). 
 
mechanisms that can alleviate photodamage.  There are scavenging systems for reactive-oxygen 
species (ROS) that remove mechanisms that inhibit PSII repair.  Another protective pathway 
includes PSI cyclic electron flow, which recycles electrons through PSI, resulting in the 
production of ATP but not NADH+ for the Calvin Cycle.  Other photoprotective mechanisms 
include uncoupling of the pigment light harvesting to PSII reaction centers, thermal energy 
dissipation, mobilization of mycosporine-like amino acids (MAAs), chloroplast movement, and 
light avoidance by the organism. 
Chlorophyll Fluorescence and PAM Fluorometer 
Chlorophyll fluorescence is light that is re-emitted after being absorbed by chlorophyll 
molecules (Kirk 1994).  It is one of three pathways that light-induced excitation energy can take   
 9 
 
during the photosynthetic process.  Light energy absorbed can be used to drive photosynthesis; 
excess energy can be given off as heat or it can be re-emitted as light by chlorophyll fluorescence 
(Maxwell & Johnson 2000).  These processes are in competition with each other (Fig. 3).  An 
increase in one results in a decrease in another.  For example, a greater yield of fluorescence 
corresponds to a reduction in the photochemical efficiency of photosynthesis.  Under stress, such 
as an increase in temperature or light, Photosystem II is more easily saturated with electrons and 
therefore does not process light as efficiently, thus producing a greater yield of heat and 
fluorescence (Maxwell & Johnson 2000).  Fluorescent measurements, in tandem with 
photosynthesis pigment concentration analyses, can lead to a better understanding of the 
pathways of energy dissipation at the PSII reaction centers and the pigment-light harvesting 
complexes (Warner et al. 2010). 
 A Pulse-Amplitude-Modulated (PAM) chlorophyll fluorometer can be used to measure 
fluorescence and is a method of analyzing quantum yield (efficiency) and photoacclimation in 
photosynthetic organisms.  It may also be used to indirectly estimate primary productivity and 
growth as an indicator of health.  Though there are more traditional methods for measuring 
primary productivity, such as oxygen production and carbon-14 uptake, the advantages of using 
PAM chlorophyll-fluorescence techniques include the speed of fluorescence measurements, non-
destructive measurements of live individuals and the added measurements of rapid-light curves 
(RLCs).  Rapid-light curves can be used to evaluate algal-symbiont acclimations to different 
light intensities allowing insight into their physiological flexibility and adaptations of their 
photosynthetic apparatus (Suggett et al. 2011).  They also may be compared with classical 
photosynthetic light-response curves (Fig. 4). 
 There are many useful chlorophyll-fluorescence parameters that can be measured directly 
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Figure 3.  A schematic showing the interaction between fluorescence, heat and photochemical 
quenching.  If the reaction centers (RC) are open, the incident irradiance (E) is absorbed by the 
light harvesting complex (LHC), where it is dissipated by fluorescence, heat and photochemical 
reactions.  If the reaction centers are closed, photochemical reactions cannot occur and the 
dissipation of the energy absorbed by the LHC is directed to heat and fluorescence exclusively.  
The area of the arrows represents the probability of energy transfer by the respective pathways 
for energy absorbed by the photosynthetic unit through to charge stabilization in PSII (adapted 
from Parkhill et al. 2001).      
 
or derived using a PAM chlorophyll fluorometer (Table 3).  Particularly important measurements 
include the maximum photochemical quantum yield (Fv/Fm) of PSII, which estimates the number 
of electrons produced by a single charge separation event in the PSII reaction center per photon 
absorbed, and the derived photophysiological parameters obtained from the measurements of 
RLCs.  The maximum photochemical quantum yield of PSII is attained after the first light 
saturation pulse is applied to a dark-acclimated sample.  In this dark-acclimated state, the 
primary electron acceptors/carriers are oxidized, the levels of proton gradient and ATP formation 
 11 
 
are minimal, and all the photosynthesis reaction centers are open (Willits & Peet 2001, Kirk 
2011).  This saturating pulse induces the closure of all the PSII reaction centers, and produces a 
measurement of its potential maximum quantum yield, which indicates its potential 
photosynthetic health.  Dark-Yield measurements are useful because they specifically assess the 
current state of PSII and provide rapid determinations of changes in the maximum quantum yield 
of the PSII phytochemistry.  Dark-Yield measurements are lowered by PSII inhibitory responses 
such as those from temperature or light stresses (Kirk 2011). 
  
 
Figure 4.  Classical photosynthetic light response curve with added relative electron transport 
rate (rETR) comparison showing photosynthetic maximum (Pmax), photosynthetic rate (α), 
minimum saturating irradiance (Ek) and photoinhibition response (β) (adapted from Jassby & 
Platt 1976, Walker et al. 2011). 
 
Rapid-light curves provide information on the saturating characteristics and the overall 
photosynthetic performance of a sample (Kirk 2011).   During a RLC, maximum quantum yield 
is measured, followed by a series of eight consecutive yield measurements at increasing actinic- 
light intensities with short illumination times and 10 second periods between intervals 
(Walz.com).  Derived parameters from these curves, such as photosynthetic rate, alpha (α),  
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Table 3.  Chlorophyll fluorescence parameters measured by the PAM Fluorometer and derived 
photophysiological parameters (Walz® PAM Fluorometer Manual). 
Dark-acclimated measurements  
Fo Minimum fluorescence yield A weak measuring red light that induces fluorescence 
before inducing photosynthesis. 
Fm Maximum fluorescence yield Induced by a saturating pulse which closes all PSII 
reaction centers (follows Fo). 
Fv/Fm       
 
Maximum photochemical quantum 
yield (efficiency) 
Maximum potential photochemical quantum yield of 
PSII attained after first saturation pulse of a dark-
acclimated sample. Estimates the number of electrons 
produced by a single charge separation event in the 
PSII center per photon absorbed. 
 
Fv/Fm  =  Y(∆F/Fm)  =  (Fm-Fo)/Fm 
 
Where Fv =  variable fluorescence 
 
RLC Rapid Light Curves Measurements where the first maximal yield 
(Fv/Fm) in absence of actinic light is measured 
followed by eight consecutive yield measurements 
at increasing light intensities and short intervals.  
ETR 
rETR 
Electron transport rate 
Relative electron transport rate 
A good descriptor of relative changes in the 
photosynthetic rates. Measurements from rapid 
light curves (RLC) are used to determine ETR and 
rETR (µmol electron m-2 s-1).  
 
ETR  =  PAR x Fv/Fm x (0.5) x (0.84) 
rETR  =  PAR x Fv/Fm x (0.5)  
 
                     Where PAR is the photosynthetically active radiation (i.e. E), (0.5) represents the absorption 
                     cross-section of PSII and (.84) is ETR-Factor (i.e., fraction of incident light absorbed by a leaf.) 
 
ETRmax Maximum electron transport rate Corresponds to the maximum electron transport 
rate of the sample (µmol photons m-2 s-1). 
Ek Minimum saturating irradiance The PAR value that corresponds to the onset of 
light saturation (µmol photons m-2 s-1). 
α (alpha) Initial slope of the rETR curve Related to the quantum efficiency, or rate, of 
photosynthesis (electrons/photons). 
β (beta) Decreasing slope of the rETR curve Related to photoinhibition response of 
photosynthesis (electrons/photons). 
WinControl-3® Empirical Functions to Describe Classical Light Curves 
 
Regression 1:                                                                       Regression 2: 
        
ETR = ETRmPot*(1-e -α*PAR/ETRmPot)*e -β*PAR/ETRmPot     ETR  =  ETRmax*tanh((α*PAR)/ETRmax)) 
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minimum saturation irradiance (Ek) and the maximum electron transport rate (ETRmax), may be 
compared with similar parameters derived from Photosynthesis-Irradiance (P-I) curves, 
generated while measuring oxygen production under increasing light intensities (Nobes et al. 
2008, Kirk 2011, Walker et at. 2011).  For example, Walker et al. (2011) measured the 
photosynthetic rates of ten A. angulatus at increasing Photosynthetically Active Radiation (PAR) 
intensities over ten-minute intervals using an oxygen electrode.  Using chlorophyll-fluorescence 
techniques, a comparison can be made with his analysis of oxygen production and analyzed for 
similar trends in Pmax, minimum saturation irradiance (Ek) and other P-I curve variables.  Though 
chlorophyll-fluorescence techniques have been used for many years in physiological studies of 
terrestrial plants, recent advances in technology have allowed these techniques to be applied to 
aquatic organisms and with high sensitivity toward smaller sample sizes, including individual 
foraminifers (see Table 3) (Schreiber et al. 1994, Warner et al. 2010). 
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RESEARCH OBJECTIVE 
Hallock and Peebles (1993) noted that A. angulatus thrives in shallow waters with a 
temperature range of 14 °C in winter to 33 °C in summer.  Laboratory experiments by Lee et al. 
(1974), utilizing cultured C. hedleyi, found that growth of the isolated endosymbiont was 
restricted above 30 °C.  One objective of my study was to investigate responses of 
photosynthetic parameters of A. angulatus across a range of temperatures.  The second objective 
of this study was to compare, using chlorophyll-fluorometry analyses, the photoefficiency and 
photoacclimation of the A. angulatus holobiont and isolated endosymbionts, C. hedleyi, to short-
term changes in water temperature.  Previous physiological studies of A. angulatus have mainly 
focused on radioisotope procedures and oxygen-production analyses to study photosynthesis 
rates and examine carbon and calcium uptake at increasing light intensities (see Table 1).  My 
study is the first known physiological study of the viable temperature range and photobiology of 
A. angulatus using chlorophyll-fluorometry methods. 
 The working hypotheses were (a) seawater temperature influences photosynthetic activity 
in endosymbionts of A. angulatus and (b) there are significant differences in photochemical 
efficiency in the holobiont compared with isolated endosymbionts across the temperature range.  
The null hypotheses stated that there will be no significant differences in photochemical 
efficiency of the A. angulatus holobiont or of their isolated symbionts with temperature. 
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APPROACH AND METHODS 
Collection  
Specimens of A. angulatus were collected using mask and snorkel in 1-2 m water depth 
in Florida Bay directly behind the Keys Marine Laboratory (KML) located in Layton, Florida, on 
Long Key (Fig. 5) ( see also Fujita & Hallock 1999).  Handful-size clumps of Thalassia 
testudinum (seagrass) blades and filamentous algae where placed into zippered plastic bags and 
lightly shaken and agitated to loosen foraminifers from the phytal substrate (as described 
previously by Walker et al. 2011).  The organic debris, lose sediment and foraminifers were then 
decanted into a shallow, covered container and transported to the Reef Indicators Laboratory in 
St. Petersburg, FL.  Upon arrival, the samples where rinsed again with seawater and an aerator 
added to the container, which was then placed in an environmental chamber on a 12-hour 
light/dark schedule at 25 °C with maintenance light intensity of 2 - 6 µmol photon m-2 s-1.  
Seawater in the containers was augmented weekly with the addition of 25% Nusalts® + B1 
vitamin nutrient media plus frozen brine shrimp pellets, adjusted to salinity 35 ppt and pH 8.1 
with 1M NaOH or 10% HCl as needed until experimental procedures were administered.    
Preliminary Experiments 
Two preliminary tests were performed to determine relationships among linear 
dimensions, mass, and chlorophyll a in A. angulatus. Thirty normal-appearing specimens, which 
had been maintained ~ 25 °C, were used in each test.  Test 1 assessed the relationships  
 16 
 
 
 
among the diameter, area, wet weight and dry weight.  Weights were determined using a 
microbalance.  Maximum and minimum test diameters were measured, using a stereomicroscope 
and an ocular micrometer.  Area (mm
2
) was derived using Axiovision® photosoftware.  Test 2 
assessed the relationship between maximum diameter and chlorophyll a.  Chlorophyll extraction 
was performed according to methods described later in the subsection entitled Chlorophyll 
Extraction and Analysis.   
Experimental Setup and Treatments   
Three static temperature experiments were carried out (Table 4).  Experiment 1 utilized 
six static-temperature aquaria (11.9 ºC, 15.4 ºC, 18.6 ºC, 21.4 ºC, 31.0 ºC, 33.9 ºC) over a 21-day 
period.  Experiment 2 utilized three aquaria (23.6 ºC, 28.1 ºC, 32.4 ºC) over a seven-day period. 
Experiment 3 utilized four aquaria (4.4 ºC, 24.0 ºC, 27.3 ºC, 29.5 ºC) over a 21-day period; 
Figure 5.  Archaias angulatus collection site at the Keys Marine Laboratory on Long Key, 
Florida. 
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followed by a 10-day (i.e., days 22 - 31) recovery period at ambient mean temperature (21 - 23 
°C).   
All three experiments were set up similarly using the ambient-temperature aquaria, 21.3º, 
23.4º and 24.0 ºC, from Experiments 1, 2 and 3 respectively, as controls.  The temperature range 
was chosen to reflect future elevated water-temperature predictions and to ascertain the lowest 
thermal tolerance limit of A. angulatus.  Small glass aquaria were set up under uniform lighting 
conditions using TCP-50® thermal cold plates with TL210® digital thermal controllers and 
warm-water baths to maintain each individually temperature-controlled aquarium at the desired 
temperature settings (Fig. 6).  The only exception was in Experiment 3 where one aquarium was 
placed in a refrigerator to maintain temperature at 4.4 ºC.  Seawater collected offshore was used 
and all aquaria were monitored daily to maintain salinity at 35 ppt and pH 8.1.  Salinity was 
checked with a handheld refractometer and pH with a H130 pH meter.  An aquarium pump and 
aerators were used to maintain uniformity of water temperature and adequate levels of dissolved 
oxygen within the small test aquaria.  Water temperature and light intensities were monitored 
throughout the experiments with submersible digital thermometers and a weighted light and 
temperature sensor (HOBO®) that was placed on the bottom of the aquaria and recorded 
readings at 5 min intervals.  HOBO® software was used to download and analyze resulting data. 
 
Table 4.  Summary of experiments: dates conducted, durations and number of temperature 
treatments. 
Experiment Date Conducted Duration (days) Number of Treatments 
   1 April 2012 21 6 
   2 May 2012 7 3 
   3 Dec. 2012/Jan. 2013 21 + 10* 4 
   *Recovery period 
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 Before the start of each experiment, the holding container with the stock foraminifers was 
taken from the environmental chamber and placed in the experimental testing area for a 
minimum of three days for acclimation.  At the start of each experiment, sediment and 
foraminifers were placed in small fine-mesh bags (made from plankton netting) and distributed 
one into each aquarium.  To avoid temperature shock from different water temperatures, the 
mesh bags with the foraminifers were temperature acclimated in increments of 3 - 5 °C for  
1 - 2 hrs, moved from one aquarium to the next, until they were all at their treatment 
temperatures.  After temperature acclimation, they were removed from the mesh bags and 
allowed to move freely on the bottom of the aquaria.  
Environmental and Physical Parameters 
Aquarium Temperatures  
During Experiment 1, mean temperatures were calculated for each aquarium on days 1 - 
7, 8 - 14, 15 - 21 and overall days 1-21 (Fig. 7a).  The overall mean temperatures were then used 
to describe the temperature treatments.  Similarly, during Experiment 2, mean temperatures were 
calculated for each aquarium on days 1, 5, 7 and overall days (1 - 7) (Fig. 7b).  The overall 
temperature means were again used to describe temperature treatments.  Experiment 3 was a 31 
day experiment consisting of two phases.  For Phase 1, the test specimens were held at treatment 
temperatures for 21 days.  Phase 1 temperature means were calculated for each aquarium on days 
1 - 7, 8 - 14, 15 - 21 and overall days (1 - 21) (Fig. 7c) as before.  Phase 2 was the recovery 
period during days 22 - 31.  At ambient temperatures, the aquaria recovery means were relatively 
consistent over the 10 day period with a mean range difference of 2.1 °C (Figure 7c).   
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Light Intensity 
 Two New Wave® T5 High Output Fluorescent Fixtures with two Spectralux® T5 HO 2ft. 
24 Watt fluorescent bulbs (T5 blue fluorescent, T5 red fluorescent) were used to provide uniform 
lighting.  The 4.4 °C aquarium, which was placed in a refrigerator, was illuminated with a small 
LED light from an Evolve 4 Nano® aquarium.  The lights illuminated the aquaria on 12-hour 
light/dark cycles set on a timer, with mean light intensities in all aquaria of 12 - 16 µmol photons 
m
-2  
s
-1
.  During Experiment 1, mean light intensities were calculated for each aquarium on days 
1 - 7, 8 - 14, 15 - 21 and overall days 1 - 21 (Fig. 7d).  Light intensity means amongst the aquaria 
for Experiment 1 were very consistent ranging from 13.2 - 14.9 µmol photons m-2 s-1.  During 
Experiment 2, mean light intensities were calculated on days 1 - 7 (Fig. 7e).  Light intensity 
means amongst the individual aquaria were consistent for Experiment 2 with minimal variability 
ranging from 13.2 - 14.2 µmol photons m-2 s-1.  During Experiment 3, mean light intensities were 
calculated on days 1 - 21.  Light intensity means amongst the individual aquaria again were 
consistent ranging from 12.5 - 15.7 µmol photons m-2 s-1 (Fig. 7f).   
Figure 6.  Experiment 1:  Static temperature treatments showing use of aquaria, uniform lighting, 
temperature-controlled cold plates and warm water baths. 
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Figure 7 (a-f).  Experiments 1(a,d), 2(b,e) and 3(c,f):  Aquarium temperature (ºC) and light 
intensity (µmol photons m
-2  
s
-1
)  means by day and temperature [Day 1 = Time 0, (bars =  
Standard Deviation (SD))].   
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Diameter 
The mean maximum diameters of the A. angulatus were similar in all three experiments 
(Fig. 8).  The smallest specimen assessed was 1.0 mm maximum diameter, the largest was 3.9 
mm, with by far the majority of specimens between 2.0 and 2.5 mm diameter.  Additional 
information about individual specimen diameters used in Experiments 1, 2 and 3 can be found in 
Appendices A1-A4.   
Initial Assessment  
At time intervals of 1, 3, 5, 7, 14, 21, 25, 28 and 31 days, where day 1 = time 0, as 
appropriate for each experimental period, ten foraminifers, displaying green color, were 
haphazardly removed from each aquarium using forceps. The specimens were placed into petri 
dishes containing siphoned seawater from their treatment aquaria, and examined using a 
stereomicroscope to confirm each individual was alive based on pseudopodial activity.  Fine 
artist brushes (00000) were used to remove debris and clean the organisms.  Maximum diameters 
where measured to the nearest 0.01 mm using an ocular micrometer.  Changes in color of A. 
angulatus were photographically recorded between the beginning of the experiment and day 7 in 
Experiment 2, and between day 1 and 21 in Experiment 3, using Axiovision® photosoftware. 
PAM Fluorometer Protocol   
 The ten individual A. angulatus from each thermal treatment, following assessment and 
measurement described above, were placed with 100 µl of sterile filtered seawater into wells of a 
custom-made, ~10 x 20 cm black Delrin® plastic block into which 15 evenly spaced wells 3 mm 
deep and 5 mm wide had been drilled.  The wells are sized for the Walz® PAM fiber-optic probe  
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Figure 8.  Experiment 1, 2 and 3:  Diameter means (mm) by temperature treatment          
[bars = Standard Error of the Means (SEM)]. 
 
to slide in vertically and block ambient light (Fig. 9). For each trial, the specimen was dark 
acclimated for a minimum of 20 minutes.  Then, chlorophyll fluorescence parameters were 
measured and derived using a Walz® Diving PAM chlorophyll fluorometer for Experiments 1 
and 2 and a Walz® Mini-PAM chlorophyll fluorometer for Experiment 3.  The PAM fluorometer 
directly measured minimum fluorescence (Fo) and maximum fluorescence (Fm) from which the 
maximum photochemical quantum yield (Fv/Fm) was derived.   
The fluorometer also performed measurements from which were created rapid light 
curves (RLCs).  A series of nine consecutive yield measurements were taken at increasing 
actinic-light intensities with short illumination times (microseconds) and 10 second period 
between measurements. The photosynthetically active radiation (PAR) for Experiments 1 and 2 
ranged from ~0 - 1100 µmol photons m-2 s-1.  The measurements from the RLCs provided 
information on present states of photosynthesis and acclimation aspects of the photosynthetic 
process from which the photochemical efficiency (α),  electron transport rate maximum 
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(ETRmax), onset of light saturation (Ek), and photoinhibition (β) were determined using Walz 
chlorophyll fluorometer software Wincontrol3®.   The Wincontrol3® has two empirical function 
options, regression 1 and 2, to estimate light-curve data introduced by Platt et al. (1980) and 
Jassby and Platt (1976), respectively.  Regression 1 (Platt et al. 1980) was used to calculate the 
derived light-curve parameters of alpha (α), ETRmax, Ek and beta (ß) for Experiments 1 and 2.     
Finally, a limited analysis of selected RLCs from Experiments 1, 2 and 3 on Days 1, 7, 21 
and 31, representing the range of temperature treatments, of the median rETR light curves and 
light curve parameters of alpha (α), Ek, and ETRmax were generated to provide information on the 
present state of photosynthesis and for comparisons with previously published Photosynthesis-
Irradiance response curves (P-I curves).  The relative electron transport rates (rETR) curves were 
calculated using the equation rETR = PAR x Fv/Fm x (0.5), where PAR is photosynthetically 
active radiation, Fv/Fm is the maximum quantum yield and (0.5) represents the absorption cross-
section of PSII.  Median alpha (α), ETRmax and Ek for select treatments in Experiments 1 and 2 
were determined using regression 1 (Platt et al. 1980).  Median alpha (α), ETRmax and Ek for 
select treatments in Experiments 3 were derived using regression 2 (Jassby & Platt 1976). 
 After fluorometric analysis of each individual foraminifer inside each well, the specimen 
was crushed using forceps or a sterile glass rod, to release the symbionts into the 100 µl of 
seawater.  The symbionts where then dark acclimated for a minimum of 20 minutes and PAM 
fluorometric analyses were performed on the isolated symbionts for comparative analyses of 
PSII stress responses with those of the foraminiferal holobiont.   
Chlorophyll Extraction and Analyses 
 To quantify changes in symbiont population, and to compare photoefficiency to 
chlorophyll content of the symbionts, analyses for total chlorophyll a content of the isolated 
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Figure 9.  The PAM fiber-optic is placed vertically in 3 mm x 5 mm individual wells with A. 
angulatus and sterile seawater.  This allowed consistency in measurement distances from one 
well sample to another. 
 
symbionts were performed.  After PAM fluorometric analyses, the chlorophyte endosymbionts 
were removed from each well using a sterile pipette and a total of 1mL sterile sea water (SSW).  
They were placed onto a Whatman GF/F glass fiber filter using a vacuum hand pump.  The filter 
was removed using forceps, wrapped in aluminum foil and frozen at -37 °C until analyses.   
Filters were removed from the freezer, unwrapped, and then placed in plastic tubes 
containing 10 mL 100% methanol.  Each tube was covered with Para-film, wrapped in aluminum 
foil to block light, lightly vortexed and placed at 5 °C for 18 - 24 hours to extract chlorophyll.  
After the extraction period, samples were again vortexed, centrifuged for 15 minutes at 60 g and 
only the supernatant was added to a cuvette for fluorometric reading.  Fluorescence was 
measured using a 10-AU Turner Fluorometer and chlorophyll a was calculated using the Holm-
Hansen Chlorophyll Extraction Method (Holm-Hansen & Riemann 1978).  
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Data Analyses    
Descriptive statistical analyses were performed using Microsoft Excel 2010.  IBM SPSS 
statistical software was used for the analysis of variance and appropriate Bonferroni post-hoc 
tests to determine if differences existed within and between the holobiont and symbionts by day 
and temperature (alpha = 0.05).  
Prior to conducting the MANOVAs and ANOVAs, assumptions of normality using 
histograms and equality of variance using Levene’s test were assessed. The F statistic is robust 
against violations of normality and in situations where the variance is unequal, provided group 
sizes are similar (Stevens 2009).  Data were assessed for univariate outliers using standardized z- 
scores.  Outliers, defined as standardized values that were greater than 3.29 standard deviations 
away from the mean (Tabachnick & Fidell 2012), were removed from analyses.  
 
 
 
 
 
 
 
 
 
 26 
 
 
 
RESULTS 
 Preliminary Experiments 
Two preliminary tests were performed to determine relationships among linear 
dimensions, mass and chlorophyll a in A. angulatus. Test 1 assessed relationships among 
diameter, area, wet weight and dry weight using 30 A. angulatus specimens (Appendix B1).  
Prior to conducting correlation analyses, the normality of Test 1 data were assessed with 
Kolmogorov-Smirnov (KS) tests, the assumption of normality was met.  Pearson Product 
Moment correlations were strongly positively significant (r ≥ 0.90) (Table 5).  In Test 2 (see 
Appendix B2), the KS test indicated that data were not normally distributed.  Therefore, a 
Spearman correlation was conducted to assess the relationship between diameter and chlorophyll 
a per foraminifer, again, with strongly significant, positive results (Table 5).  
 
Table 5.  Preliminary Experiments:  Pearson Product-Moment Correlations among diameter, 
area, wet weight and dry weight.  Spearman Correlation conducted between diameter and 
chlorophyll a.  [Note. p < 0 .001, sample size (N) = 30] 
Variable Diameter Area** Wet weight 
Chlorophyll a 0.88   
Area* 0.96   
Wet weight 0.91 0.96  
Dry weight 0.91 0.99 0.96 
 
  *Surface area calculated where N = 28 
**Surface area calculated where N = 15 
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Chlorophyll a 
Chlorophyll a data extracted from each specimen assessed in Experiments 1 - 3 are found 
in Appendices C1 and C2.  Mean chlorophyll a typically varied between 0.1 and 0.4 µg per 
specimen by treatments and times (Fig. 10a-c).  A major exception was the 33.9 ºC   treatment, 
where chlorophyll a clearly decreased and all specimens died in the first week (Fig. 10a).  In 
Experiment 2, specimens in the 32.4 ºC treatment also showed significant decline in chlorophyll 
a concentration when the experiment ended on day 7 (Fig. 10b).  Data from Experiment 1 
generally grouped in the 0.15-0.30 µg per specimen range (Fig. 10a), somewhat higher than data 
from Experiment 2, which was 0.10-0.15 µg chlorophyll a per specimen (Fig. 10b).  Both 
experiments utilized specimens collected in the spring.   In Experiment 3, chlorophyll 
concentrations were high in the initial specimens assessed, up to 0.36 µg chlorophyll a per 
specimen, but through the experiment, variability was high with no discernible trends (Fig. 10c). 
These specimens were field collected in winter. 
A Spearman correlation analysis of chlorophyll and temperature in Experiments 1 and 2 
(Fig. 11) revealed a significant negative relationship [r (175) = -0.37, p < 0.001].  That trend is 
not evident when Experiment 3 was included.  Since the starting concentrations of chlorophyll 
were so different between the first two experiments and Experiment 3, comparisons between 
those two sets are inconclusive. 
There was noticeable pigment loss in the foraminifers in the higher temperature 
treatments.  At temperatures > 31.0 °C, specimens gradually became paler as the experiment 
progressed and an acute bleaching response was observed at 32.9° and 33.9 ºC (Fig. 12a).  Partial 
pigment loss was also noticeable in the 28.1 °C treatment by day 7 (Fig. 12b). 
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Figure 10(a-c).  Experiment 1(a), 2(b) and 3(c):  Mean chlorophyll a (µg) per foram by day and 
treatment temperature (bars = SEM).  In (c), all specimens were placed at ambient temperature 
(Mean 22.7 °C SD = 1.0) on day 21, where they were maintained through day 31. 
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Figure 11.  Experiment 1 and 2:  Mean chlorophyll a (µg) per foram by temperature treatment. 
Experiment 1 = Days 3 - 21 (light green) and Experiment 2 = Days 3 - 7 (dark green) (bars = 
SEM).  
 
 
 
 
 
 
 
Figure 12a.  Experiment 2:  Photographs of A. angulatus on (left to right) days 3, 5 and 7 at 32.4 
°C treatment showing significant decline in either endosymbiont population or chlorophyll (i.e., 
bleaching). 
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Figure 12b.  Experiment 2:  Photographs of A. angulatus on day 7 at (left to right) 23.4°, 28.1° 
and 32.4 °C treatments. 
 
Chlorophyll Fluorescence Parameters 
Maximum Quantum Yields  
Chlorophyll fluorescence parameters of minimum fluorescence yield (Fo), maximum 
fluorescence yield (Fm) and maximum quantum yield (Fv/Fm) were measured in the holobionts 
and their isolated symbionts for each experiment.  The maximum quantum yields in all 
experiments for the holobionts and symbionts are summarized in Figures 13a - 13f, 14a and 14b.  
Additional data regarding minimum fluorescence yield (Fo), maximum fluorescence yield (Fm) 
and maximum quantum yield (Fv/Fm) are provided in Appendices D1 - D4, E1 - E5, F1 and F2.  
A MANOVA revealed no significant differences in holobiont yields between Experiments 1 and 
2 [F (1, 98) = 3.75, p = 0.056], indicating that these data sets could be directly compared.  A 
second MANOVA did reveal differences between grouped Experiments 1-2, and Experiment 3, 
so the latter data set was analyzed separately.  
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To determine if any trends revealed significant differences in holobiont and symbiont 
maximum quantum yields by time or temperature for the combined data sets for Experiments 1 
and 2, and for the data set for Experiment 3, ANOVAs were conducted (Table 6).  Bonferonni 
post-hoc tests were performed to determine which times or treatments were responsible for 
differences (Appendix G1, G2).  A repeated-measures ANOVA was also conducted to determine 
if there were differences between holobiont and symbiont values.  Prior to conducting the 
ANOVAs, data were assessed for a) univariate outliers using standardized z scores and b) to 
determine if assumptions of normality and equality of variance were met using histograms and 
Levene’s test (Appendix H).   
In Experiment 1, the mean maximum quantum yields for holobionts were similar (overall 
mean 0.71, SD = 0.05) across all treatment temperatures except 33.9 ºC, which appeared to be 
fatal (Fig. 13a).  By day 21, yields at the remaining extremes (11.9º and 31.0 ºC) were 
significantly lower (< 0.6) than the other treatments (Fig 13a, 14a, Table 6).  In Experiment 2, the 
mean maximum quantum yields for the 23.6 ºC   treatment were similarly stable (~0.7) (Fig. 
13b).  However, the yields in the 32.4 ºC treatments declined rapidly and indicated mortality by 
day 7.  Additionally, mean yields at 28.1 ºC declined by day 7 and were significantly lower than 
all other treatments in Experiments 1 and 2 with the exception of 32.4° and 33.9 °C (Fig. 13a, 
13b, 14a, Table 6). 
Mean maximum quantum yields for the symbionts for Experiments 1 and 2 are 
summarized in Figure 13d and 13e.  These overall yields, excluding 33.9 °C treatment, were 
slightly lower (Mean = 0.61, SD = 0.08) than those for the holobionts from which they were 
extracted, though the trends were very similar.  Again, the yields for the 33.9 ºC treatment 
indicated mortality.  The lower extreme (11.9 ºC) showed a gradual decrease in yield compared 
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to other treatments.  By day 21, yields at both extremes (11.9º and 31.0 ºC) were significantly 
lower (Fig. 13d, 14a, Table 6).  In Experiment 2, the trends for the symbionts were essentially the 
same as for the holobionts.  The 32.4 ºC temperature treatment caused mortality by day 7, and 
there was a significant decline of yields at 28.1 ºC treatment as well (Fig. 13e, 14a).   
 In Experiment 3, trends in mean maximum quantum yields were generally consistent 
with those seen in Experiments 1 and 2 (Fig. 13c, f).  However, there was a significant enigmatic 
drop in yields across all treatments on day 14 with 27.3 °C holobiont yield and 4.4 °C symbiont 
yields lower than all other treatments (Fig. 13c, 13f).  Otherwise, both holobiont and symbiont 
yields (~0.6 - 0.7 and ~0.5 - 0.6 respectively) showed similar trends through day 21, when all 
treatments were returned to ambient temperature (Mean = 22.7 ºC, SD = 0.17).  Subsequently, 
yields for the 4.4 ºC extreme treatment declined significantly during recovery at days 25 and 28 
(Fig. 13c, Table 6).  A repeated-measures ANOVA revealed that holobiont mean maximum 
quantum yields (Mean = 0.69, SD = 0.12) were significantly higher than symbiont mean yields 
(M = 0.58, SD = 0.13) [F (1, 342) = 730, p < 0.001] (Fig. 14a and 14b). 
Light Curve Parameter Analyses 
 Mean light curve parameters of alpha (α), ETRmax, Ek and beta (β) were derived for the 
holobionts and their isolated symbionts in Experiments 1 and 2.  In the 33.9 °C treatment from 
Experiment 1, light curve parameters were not measureable by day 3 and are not included in 
light curve results.  Beta values were recorded, but were so variable that they were not 
statistically analyzed (Appendix I). 
To examine Experiments 1 and 2, six two-between and three repeated-measures ANOVA 
were conducted to assess for differences in alphas, ETRmax and Ek.  Three ANOVAs were 
conducted to determine if there were differences in holobiont values by time and temperature.   
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Figure 13(a-c).  Experiments 1(a), 2(b) and 3(c):  Holobiont mean maximum quantum yield 
(Fv/Fm) by day and temperature (bars = SEM). (#) denotes significant difference over time. (+) 
denotes differences between temperatures.  
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Figure 13(d-f).  Experiments 1(d), 2(e) and 3(f):  Symbiont mean maximum quantum yields 
(Fv/Fm) by day and temperature (bars = SEM). (#) denotes significant difference over time. (+) 
denotes differences between temperatures.  
 35 
 
 
Figure 14a.  Experiment 1 and 2: Holobiont and symbiont yield means by temperature (bars  =  
SEM).  (+) denotes differences between temperatures. 
 
 
 
Figure 14b.  Experiment 3:  Holobiont and symbiont yield means by temperature (bars  =  
SEM).  (+) denotes differences between temperatures. 
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Table 6.  Experiment 1-2 and 3:  Results for ANOVAs on holobiont and symbiont maximum 
quantum yield by day and temperature. 
Parameter Source SS df MS F p Partial 
η
2
 
 
              
Holobiont Day 0.4 5 0.08 14.8 0.001 0.19 
(1-2) Temperature 2.59 7 0.37 67.9 0.001 0.61 
  Day*Temperature 0.91 23 0.04 7.3 0.001 0.35 
              
 
Holobiont Day 1.56 9 0.17 16.2 0.001 0.3 
(3) Temperature 0.08 3 0.03 2.5 0.063 0.02 
  Day*Temperature 0.82 25 0.03 3.1 0.001 0.18 
                
              
 Symbiont Day 0.46 5 0.09 13.2 0.001 0.18 
(1-2) Temperature 2.8 8 0.35 50.6 0.001 0.57 
  Day*Temperature 1.26 24 0.05 7.6 0.001 0.37 
              
 
Symbiont Day 0.48 8 0.06 8.4 0.001 0.19 
(3) Temperature 0.34 3 0.11 15.9 0.001 0.14 
  Day*Temperature 0.44 22 0.02 2.8 0.001 0.18 
 
 
Another three ANOVAs were conducted to determine if there were differences in symbiont 
values by time and temperature (Table 7).  Three more ANOVAs were conducted to determine if 
there were differences between holobiont and symbiont values.  Bonferonni post hoc tests were 
performed to determine which times or treatments were responsible for differences (Appendix J).  
Prior to conducting the ANOVAs, data were assessed for univariate outliers using standardized 
z-scores; four cases were removed.  The assumptions of normality were assessed with histograms 
and the data were determined to be skewed.  Equality of variance was assessed with Levene’s 
test and was not met (Appendix H).   
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Alphas – Holobiont and Symbionts 
The derived mean alphas and significance for the holobionts are summarized for 
Experiment 1 and 2 in Figure 15a and Table 7.  A MANOVA revealed no significant differences  
in alpha values between these experiments [F (1, 50) = 0.10, p = 0.75], indicating that these data 
sets could be directly compared. 
In Experiment 1, the overall mean alpha for holobionts across treatments was M = 0.23 e-
/ photons (SD = 0.01).  By day 14, mean alpha at the lower extreme (11.9 ºC) appeared to be 
declining (< 0.2 e-/ photons), and was significantly lower than other temperature treatments (Fig 
15a).  However, alphas across all treatments were relatively stable through day 21.  In 
Experiment 2, the mean alphas started higher but by day 7, ended slightly lower than Experiment 
1 treatments with overall mean M = 0.19 (SD = 0.06). While ambient treatment temperatures 
differed somewhat from beginning to end in Experiment 1 and 2, the mean holobiont alphas at 
23.6 ºC in Experiment 2 were not significantly different from those at 21.4 ºC treatment in 
Experiment 1.  However, mean alphas in the 32.4 ºC treatments declined rapidly and indicated 
mortality by day 7 (Fig. 15a).  The mean alpha values by temperature at 28.1 °C and 32.4 °C 
treatments were significantly lower than all other treatments (Fig. 16). 
  The mean symbiont alphas are summarized in Figure 15b.  Overall mean alphas for the 
symbionts (M = 0.16, SD = 0.04) were slightly lower than those for the holobionts from which 
they were extracted (M = 0.23, SD = 0.04), though trends were very similar. A repeated-measure 
ANOVA revealed that those differences were significant [F (1,148) = 503.3, p < 0.001].  
Additionally, the interactive effects of time and temperature were significant (Table 7).  In 
Experiment 1, mean symbiont alphas for the lowest temperature treatment (11.9 ºC) were 
consistently lower than alphas in all other treatments.  In Experiment 2, the 23.6º and 28.1 ºC 
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treatments had comparable mean alpha values on day 7 (~0.16 e-/ photons).  Yet, the 28.1 °C 
differed significantly by temperature compared to other temperature treatments (Fig. 16).  The 
32.4 ºC treatment rapidly declined in mean alpha to day 5 and indicated mortality on day 7 with 
alphas no longer measurable (Fig. 15b).   
 
 
 
 
Figure 15(a-b).  Experiment 1 and 2: Holobiont (a) and symbiont (b) alpha means by day and 
temperature (bars = SEM).  (#) denotes significant difference over time. (+) denotes differences 
between temperatures. 
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Figure 16.  Experiment 1 and 2:  Holobiont and symbiont alpha means by temperature (bars = 
SEM).  (+) denotes significant differences between temperatures. 
 
ETRmax – Holobiont and Symbionts   
The derived ETRmax means for the holobionts and symbionts are summarized for 
Experiment 1 and 2 in Figure 17a and 17b, respectively.  The interactive effects by day and 
temperature were significant (Table 7).  In Experiment 1, the overall mean ETRmax was ~25.7 
µmol electrons m-2 s-1 across treatments.  By day 21, mean ETRmax at extremes of 11.9º and 31.0  
ºC   were slightly lower (~23.0 µmol electrons m-2 s-1) compared to the other treatments (Fig. 
17a).  In Experiment 2, mean ETRmax at the start of the experiment was higher, but by day 7 
ended with values slightly lower than the extreme 11.9° and 31.0 °C treatments (20.4 µmol 
electrons m-2 s-1).  The mean ETRmax at 32.4 ºC treatment declined rapidly and indicated 
mortality by day 7.  The holobiont ETRmax means by temperature showed the 28.1 °C and 32.4 
°C treatments lower than all other temperatures (Fig. 18). 
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Table 7.  Experiments 1-2:  Results for ANOVAs on holobiont and symbiont alpha, ETRmax and 
Ek by day and temperature. 
Variable Source SS df df2 MS F p 
Partial 
η
2
 
           
Alpha Day 0.01 5 125 0.001 1.6 0.161 0.06 
Holobiont Temperature 0.08 7 126 0.012 22.1  < 0.001 0.55 
 
Day*Temperature 0.04 23 125 0.002 3.2  < 0.001 0.37 
         Alpha Day 0.02 5 120 0.003 2.9 0.018 0.11 
Symbiont Temperature 0.04 7 120 0.006 5.0  < 0.001 0.23 
 
Day*Temperature 0.04 22 120 0.002 1.7 0.043 0.23 
                  
ETRmax Day 93.55 5 125 18.7 1.1 0.378 0.04 
Holobiont Temperature 1299.77 7 125 185.7 10.7  < 0.001 0.37 
 
Day*Temperature 723.95 22 125 32.9 1.9 0.016 0.25 
         ETRmax Day 242.48 5 121 48.5 1.7 0.146 0.07 
Symbiont Temperature 1558.32 7 121 222.6 7.7  < 0.001 0.31 
 
Day*Temperature 1112.26 22 122 50.6 1.8 0.03 0.24 
         
         
Ek Day 2129.04 5 127 425.8 1.8 0.128 0.06 
Holobiont Temperature 13461.7 7 127 1923.1 7.9  < 0.001 0.30 
 
Day*Temperature 10026.82 23 127 436 1.8 0.023 0.25 
         Ek Day 3005.78 5 121 601.16 1.2 0.307 0.05 
Symbiont Temperature 18980.21 7 121 2711.46 5.5  < 0.001 0.24 
 
Day*Temperature 9667.45 22 121 439.43 0.9 0.611 0.14 
         
 
 
           The symbiont ETRmax means are summarized for Experiments 1 and 2 in Figures 17b and 
18.  Mean overall ETRmax for the symbionts were slightly lower (M = 19.7 µmol electrons m-2 s-1, 
SD = 6.2) than those for the holobionts from which they were extracted (M = 25.7 µmol electrons 
m-2 s-1, SD = 5.4), though trends were similar (Fig. 18).  A repeated-measures ANOVA revealed 
that those differences were significant [F (1,149) = 215.8, p < 0.001].  In Experiment 1, symbiont 
mean ETRmax at 21.4 ºC began significantly lower (~12 µmol electrons m-2 s-1), but recovered by 
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day 5 and was similar to the other treatments by day 21 (~21 µmol electrons m
-2
 s
-1
).  The 11.9  
ºC, which was lower than all other treatments, was an exception.  In Experiment 2, the mean 
ETRmax at 23.6º and 28.1 ºC treatments showed similar trends, with the 28.1° treatment on day 7 
at 15 µmol electrons m
-2
 s
-1
, comparable to the 11.9°C treatment on day 21.  Again, specimens in 
the 32.4 ºC treatment decreased steadily and indicated mortality by day 7. 
 
 
 
Figure 17(a-b).  Experiment 1 and 2:  Holobiont (a) and symbiont (b) ETRmax means (µmol 
electrons m-2 s-1) by day and temperature (bars = SEM).  (+) denotes differences between 
temperatures. (#) denotes differences in time. 
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Figure 18.  Experiment 1 and 2: Holobiont and symbiont ETRmax means (µmol electrons m-2 s-1) 
by temperature (bars = SEM). (+) denotes significant differences by temperature. 
 
 Ek  - Holobiont and Symbionts 
 The derived mean Ek for the holobionts and symbionts are summarized for Experiment 1 
and 2 in Figures 19a, 19b and 20.  The interactive effect of time and temperature for the 
combined data sets for Experiments 1 and 2 were significant (Table 7).  Overall mean Ek for 
holobionts was ~114 µmol photons m-2 s-1 across treatments, with the exception of 32.4 °C 
treatment which showed a marked decrease by day 7 indicating mortality (19a).  In the 
cooler treatments, the combined overall mean Ek was slightly higher (> 123 µmol photons m-2 s-
1) than the warmer temperature treatments (< 112 µmol photons m-2 s-1) (Fig. 20).  However, the 
Ek across all treatments was relatively consistent. 
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 The symbiont Ek means for Experiments 1 and 2 are summarized in Figures 19b and 20.  
A repeated-measures ANOVA revealed that mean overall Ek for the symbionts were significantly 
higher (M = 124 µmol photons m-2 s-1, SD = 22.7) than those for the holobiont values (M = 114   
 
 
 
 
Figure 19(a-b).  Experiment 1 and 2: Holobiont (a) and symbiont (b) Ek means (µmol photons 
m-2 s-1) by day and temperature (bars = SEM).  (#) denotes significant differences by time.  (+) 
denotes differences by temperature. 
 
µmol photons m
-2
 s
-1
, SD = 17.6) from which they were extracted [F (1,149) = 32.1, p < 0.001].   
The mean Ek values were relatively stable across treatments, and trends were similar to the 
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holobionts (Fig. 18b, 19).  Again, results for the 32.4 ºC treatment indicated mortality by day 7.  
In Experiment 1, symbiont Ek at 11.9 ºC declined slightly on day 14, but recovered by day 21.  In 
Experiment 2, the symbiont Ek in the 28.1 ºC treatment declined by day 7, with values 
comparable to the 11.9 °C treatment on day 14 (< 95 µmol photons m
-2
 s
-1
). 
 
 
Figure 20.  Experiment 1 and 2:  Holobiont and symbiont Ek means (µmol photons m-2 s-1) by 
temperature (bars = SEM).  (+) denotes significant differences by temperature. 
 
Selected Holobiont rETR Light Curve Trends and Parameters 
 Selected holobiont rETR median curve trends and light curve parameters of alpha (α), 
rETRmax and Ek were derived and analyzed on days 1, 7, 21 and 31, as appropriate for the 
duration of the experiment, for Experiments 1, 2 and 3, representing the range of temperature 
treatments. Light curve parameters were derived usingWincontrol3® software regression 1 for 
Experiments 1 and 2 and regression 2 for Experiment 3; adapted from Platt et al. (1980) and 
Jassby and Platt et al. (1976), respectively (see tables in Appendices K1a-c, K2a-d, K3a-d and 
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K4a-b).  Additional data summarizing mean derived light curve parameters are found in 
Appendices L1a-c and L2a-c.  The median rETR light curve trends are shown in Figures 21a-c 
and 22a-d.  The selected holobiont median light curve parameters of alpha (α), rETRmax and Ek 
are shown in Figures 22(a- c) and 23(a-c).  Experiment 3 light curve parameter values were 
inexplicably magnitudes lower than Experiments 1 and 2; making it impossible to numerically 
directly compare experiments.  Therefore, only the trends were directly compared. 
Selected Holobiont Median rETR Light Curve Trends 
 The median rETR curves on day 1 at 21.4° and 23.6 °C treatments from Experiments 1 
and 2, showed an initial rapid increase in rETR values to rETRmax 27.4 and 33.3 µmol electrons 
m-2 s-1,  approaching maximum saturation irradiance values at Ek ~126 and 118 µmol photon m-2 
s-1, respectively.  These were followed by a slight depression period, photoinhibition, and then 
stress damage; shown as a decline in rETR at photosynthetically active radiation (PAR) levels >  
500 µmol photons m-2 s-1.  This trend is considered a “classical” or “typical” rETR light curve 
(Fig. 21a) (Kirk 2011).  The light irradiance intensity at which “observed” maximum electron 
transport occurred was ~200 µmol photons m-2 s-1.  The 4.4° and 24.0 °C treatments from 
Experiment 3 on day 1 (Fig. 22a), also initially depicted typical rETR curve trends.  However, 
the median rETR light curve values were magnitudes lower than Experiments 1 and 2 at 7-8 
µmol electrons m-2 s-1, and Ek values approached ~31.0 and ~40.0 µmol photons m-2 s-1, 
respectively (Fig 22a, 24b-c).  Photic stress damage, (i.e., negative slope induced at increasing 
light intensities after maximum electron capacity has been reached), did not occur on day 1 in 
Experiment 3.  However, it appears, that the light intensity at which observed maximum electron 
transport occurred, similar to Experiment 1 and 2, would have been ~200 µmol photons m-2 s-1.  
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This same pattern of initial rapid increase, approaching rETRmax irradiance (Ek) at a range 
PAR ~114-136 µmol photons m-2 s-1, followed by stress damage > 500 µmol photons m-2 s-1, was 
evident on day 7 in Experiments 1 and 2 in all temperature treatments.  The extreme treatment 
trends at 11.9° and 31.0 °C were comparable to the 21.4° and 23.6 °C ambient treatments (Fig. 
23b).  That being said, the 11.9 °C, ( rETRmax  =  33.0 µmol electrons m-2 s-1 and Ek = 149.5 µmol 
photons m-2 s-1) treatment curve flattened out between 200-500 µmol photons m-2 s-1, and did not 
show a typical light curve pattern such as seen in the 21.4 °C treatment (Fig. 21b).  Additionally, 
the median rETR light curve at 28.1 °C was slightly lower than all other treatments, showing a 
decrease in the rETRmax and median alpha, which was lower than all other treatments, but an 
increase in Ek.  In Experiment 3, all treatments showed an initial rapid increase in photosynthetic 
rate with the 24.0°, 27.3° and 29.5 °C treatments seemingly reaching rETRmax between 3.0 - 4.0 
µmol electrons m-2 s-1 at an Ek PAR range ~11-22 µmol photons m-2 s-1 (Fig. 22b).  The lower 
extreme, 4.4 °C, showed slightly higher median rETRmax and overall electron transport (5.4 µmol 
electrons m-2 s-1) relative to the other treatments as it approached Ek at ~33 µmol photons m-2 s-1.  
The initial increase in slope, alpha, was lower than all other treatments.  The approaching 
observed maximum electron transfer rate at 4.4 °C occurred at PAR > 199 µmol photons m-2 s-1.  
This was much higher than that observed in the 24.0°, 27.3° and 29.5 °C treatments, yet 
comparable to Experiments 1 and 2. 
On day 21 in Experiment 1, the typical rETR curve trends are clearly discernible in all 
three temperature treatments; though the 11.9 °C extreme declined, compared to day 7 values, 
and was slightly lower than the 21.4° and 31.0 °C treatments (Fig. 21c).  Similar to day 7, the 
11.9 °C treatment showed slightly higher ETRmax and Ek values, and lower alpha values 
compared to 21.4° and 31.0 °C temperature treatments.   All temperature treatments show 
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observed electron transport maximums ~200 µmol photons m-2 s-1, and onset of photic stress 
damage > 500 µmol photon m-2 s-1 similar to day 1 trends.   In Experiment 3 on day 21, the rETR 
light curves were erratic and variable across treatments with A. angulatus reaching rETRmax  
between 2.6-3.6 µmol electrons m-2 s-1, at a variable Ek  range of 9.8 – 25.4 µmol photons m-2 s-1.  
Similar to day 7, the 4.4 °C temperature treatment showed a slightly higher median rETR light 
curve trend and rETRmax compared to the other treatments (Fig. 22c).  The 24.0°, 27.3° and 29.5 
°C treatments had similar ETRmax values, but alpha and Ek values were variable across 
temperature treatments. The observed maximum electron transfer rate decreased to ~75 µmol 
photons m-2 s-1 for all four treatments. 
In Experiment 3 on day 31, after 10 days of recovery at ambient temperature (~23 °C), 
the rETR curve trends were slightly less erratic and variable as they appeared on day 21.  The 4.4 
°C rETR curve trend and derived parameters of alpha and ETRmax were lower than all other 
temperature treatments; the rETRmax decreasing ~70% compared to day 21 values.  All Ek values 
on day 31 were relatively low, ranging from 4.9 µmol photons m-2 s-1 at 29.5 °C to 11.9 µmol 
photons m-2 s-1 in the 4.4 °C treatment.  The highest Ek value recorded in Experiment 3 occurred 
on day 1 in the 24.0 °C temperature treatment (~40.3 µmol photons m-2 s-1) (Fig. 24c).  The 
observed maximum electron transport rates in all temperature treatments occurred at irradiance 
intensities < 36 µmol photons m-2 s-1
.  
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Figure 21(a-c).  Experiment 1 and 2:  Holobiont rETR median light curve at each temperature on 
day 1(a), day 7(b), day 21(c) where PAR = µmol electons
-2 
s
-1
 and rETR = µmol electons
-2 
s
-1
. 
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Figure 22(a-d).  Experiment 3: Holobiont rETR median light curve at each temperature on day 
1(a), day 7(b) and day 21(c) and day 31(d) where PAR = µmol photons m
-2 
s
-1
 and rETR = µmol 
electrons m
-2 
s
-1
. 
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Figure 23(a-c).  Experiment 1 and 2:  Holobiont median alpha(a), rETRmax(b) and Ek(c) at each 
temperature on days 1, 7 and 21.  [Note: Parameters were derived using Wincontrol3® software 
regression 1; as adopted from Platt et al. (1980), No data = 0]. 
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Figure 24(a-c).  Experiment 3:  Holobiont median alpha(a), rETRmax(b) and Ek(c) at each 
temperature on days 1, 7 and 21.  [Note: Parameters derived using Wincontrol3® software 
regression 2; as adopted from Jassby and Platt et al. (1976) No data = 0]. 
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DISCUSSION 
Archaias angulatus, the focus of my study, is a marine protist that is abundant in the 
Atlantic and Caribbean shallow-waters in back-reef, seagrass, open shelf and reef margin 
habitats.  Energy needs of A. angulatus are supplied by their chlorophyte endosymbionts, C. 
hedleyi, and by active grazing.  My research objectives were to determine how seawater 
temperature influences photosynthetic activity in the holobiont and to compare photochemical 
efficiency as measured from the holobiont with that of the endosymbionts isolated from the 
holobionts across the temperature range.   
Temperature Tolerance 
The most surprising observation of my study was that A. angulatus can survive and 
actively photosynthesize at temperatures as low as 4.4 ºC.  Previous work has assumed an 
approximately 14 ºC lower temperature limit for the species, which occurs in warm temperate to 
full tropical environments (e.g., Hallock & Peebles 1993, Langer & Hottinger 2000).  All of the 
data sets from all response variables including visual observation of symbiont color in the test 
specimens, chlorophyll a concentration, and all photochemical measurements supported the 
fundamental observations that A. angulatus can survive extended exposure to colder 
temperatures than it normally experiences within its current biogeographic range. 
Nearly as surprising, though not the first observation (Lee et al. 1974) is the extreme 
sensitivity of A. angulatus to temperatures exceeding 31 ºC.  My experiments revealed that most 
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individuals cannot survive two days at 33.9 ºC, and most test specimens appeared to be dead 
within a week of exposure to 32.4 ºC. These are temperatures that are common in summer in 
some back-reef and lagoonal habitats, including the site in Florida Bay from which the 
experimental specimens were collected.  Studies on corals and LBF have shown this tendency to 
live where summer temperatures are often close to upper limits of the symbionts.  Berkelman and 
van Oppen (2006) demonstrated that corals at temperatures > 31 °C after 15 days, bleached or 
died.  Additionally, Uthicke et al. (2001) found that Marginopora vertebralis, host to 
Symbiodinium spp., also bleached and died at temperature > 31 °C.  Archaias angulatus, like 
many tropical taxa with algal symbionts, experiences summer temperatures near lethal limits.  
 Moreover, the chlorophyll a concentrations within individual test specimens revealed a 
significant negative correlation with temperature in Experiments 1 and 2.  Possible sources of 
variability in responses, including the differences between Experiments 1 and 2 results, and those 
from Experiment 3, will be further discussed below. 
Photochemical Responses  
Holobionts versus Symbionts 
 The trends between holobiont and symbionts were very similar in all of the photo- 
physiological parameters measured (yield, alpha, ETRmax and Ek) and supported the temperature 
range findings in terms of the tolerance of the specimens in the low temperatures up to 31.0 °C.  
For all photochemical measurements assessed, the holobiont values tended to be somewhat 
higher than those for the symbionts, with the exception of Ek.  The maximum fluorescence (Fm) 
was slightly lower in the symbionts compared to the holobionts, causing a lower maximum 
quantum yield (Fv/Fm) (Appendix F1).  The primary source of the maximum fluorescence (Fm) is 
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assumed to be from chlorophyll associated with PSII.  Slight variations in Fm have been 
interpreted as a photoprotective mechanism of the endosymbiont (Ziegler & Uthicke 2011).  The 
lower Fm found in the isolated symbionts may have resulted from PSII damage caused by high 
light intensities during generation of the RLCs for the holobionts before the symbionts were 
isolated and tested.  High irradiances can cause damage to the PSII reaction centers, thereby 
changing their size and pigment concentrations and lowering the capacity of excitation energy 
(electron transport rates) in the photosystem.  Physical damage may also have occurred during 
isolation of the symbionts.   
 Another possibility may be in the method of measurement itself between the holobiont 
and symbiont.  Does the concentration of chlorophyll-bearing algal cells in the shell, compared 
to the scattered algal cells in the well, somehow affect the yield?  Are there host factors involved 
(i.e., protective enzymes) (Abrego et al. 2008) that produce a physiological response and are 
dependent on the interaction of the host and symbionts?   The sensitivity of the symbionts is an 
important element in thermal tolerance limits and requires further study.     
Photochemical Measurements 
 The results of my study demonstrate that the photobiology of A. angulatus is more 
sensitive to temperature increase than decrease.  In the temperature treatments > 31 °C, A. 
angulatus bleached and appeared to die in less than one week.  This observation was somewhat 
surprising because A. angulatus in natural conditions can be exposed to water temperatures > 31 
°C very commonly in the summer, for example, in Florida Bay.   
There are several possible reasons why A. angulatus can survive elevated temperatures in 
nature that appear to be fatal in the laboratory.  First of all, in nature there are diurnal changes in 
sunlight and temperature, while in the laboratory, lights are on or off and temperature is 
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essentially constant.  So the experimental specimens have no “morning”, “late afternoon”, or 
“overcast” times when photic stress is reduced, yet there is still sufficient light for 
photosynthesis, providing energy for repair mechanisms.  And although there was an air-stone 
providing some water motion in the experimental tanks, there were neither tidal currents nor 
wave action facilitating water exchange.  Finelli et al. (2006) have reported that corals are less 
prone to bleaching in areas of active currents. 
In the temperature treatments ≤ 31.0 °C, the photophysiological parameters, including 
yield, alpha, ETRmax and Ek were relatively stable throughout the experimental period. In 
Experiment 1, specimens in the 31.0 ºC and 11.9 °C extreme treatments did not exhibit a decline 
in the photochemical measurements for the first two weeks, but by 21 days, small decreases in 
yield, alpha, and ETRmax were recorded, as were decreases in Fo and Fm.  This response was 
observed more in the symbionts than in the holobionts.   
 Sinutok et al. (2011) observed decreases in yields in Marginopora vertebralis at 30 °C 
after 35 days.  Perhaps the decreases in the photophysiological parameters was a non-
photochemical quenching response (i.e., increases in photoprotective xanthophyll enzymes) to 
avoid overexcitation of the reaction centers (Uthicke & Vogel 2011).  It is also possible that the 
two extremes were showing initial chronic photoinhibition through changes in the non-
photochemical quenching and electron capacities of the PSII system (Abrego et al. 2008).  
However, the relative stability of the photochemical measurements over time implied a 
photoacclimation response across treatments (Abrego et al. 2008).  Whether it was a 
photoacclimation or photoinhibition response remains unresolved.  Future studies of longer 
duration would help elucidate temperature responses.  
 The decline in PSII function, indicating photoinhibition, in the specimens of the 28.1 ºC 
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treatment by day 7 is enigmatic, as that temperature is well below summer maxima.  Uthicke et 
al. (2011) observed yields ~0.63 after 16 days, and a survival rate of 98% after 37 days, in the 
LBF, Marginopora vertebralis, at 28 °C temperature treatment.  The temperatures recorded at 
KML from May 28th-June 3rd 2012, showed temperatures averaging ~31.0 °C and midday 
maximums > 32.0 °C (Appendix N).  Specimens in this treatment and at 32.4 °C experienced a 
significant decrease in all photophysiological parameters including Fm, Fo and yield on day 7.  If 
the experiment had been extended, might the specimens at 28.1 °C treatments have recovered 
PSII efficiency?   
Comparisons with Previous Studies  
The overall rETR light curve trends and derived photochemical parameters of yield, 
alpha, ETRmax and Ek values provided insight into the overall photosynthetic performance and 
activity of the A. angulatus holobiont and supported previous findings.  The mean maximum 
quantum yields ≤ 31.0 °C were comparable (~0.7) to those reported by Ziegler and Uthicke 
(2011) in the chlorophyte-bearing Parasorites sp. and in the dinoflagellates-bearing 
Marginopora vertebralis collected at 8 meters on the Great Barrier Reef.  Additionally, these 
yields were similar to those reported by Schmidt et al. (2011) during a 6-day static temperature 
study of the diatom-bearing foraminifers Heterostegina depressa and Amphistegina radiata.  
Moreover, the symbiont yield means (~0.6) were found to be similar to cultures of planktonic 
chlorophytes such as Chlamydomonas reinhardtii (0.65-0.74) (Forster et al. 2001, Ziegler & 
Uthicke 2011).  
Previous studies have suggested that, at low light intensities, the linear part of the ETR 
curve (i.e., alpha) is minimally affected by variations in temperature (Kirk 2011).  This seemed 
generally true in Experiments 1 and 2.  Nobes et al. (2008) studied three diatom-bearing LBF 
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(Amphistegina spp., Calcarina spp., Heterostegina depressa) whose alpha values under low light 
and high light conditions ranged from 0.49 - 0.77 e-/photons.  In Experiments 1 and 2, the mean 
alpha values for the A. angulatus holobiont were noticeably lower than those recorded by Nobes 
et al. (2008).  In fact, the alpha values were more similar to high-light adapted seagrasses (0.15 - 
0.25 e-/photons) such as Zostera marina and of the isolated dinoflagellates Karenia brevis (~0.18 
- 0.22 e-/photons) (Beer et al. 1998, Ralph & Gademann 2005, Schaffer et al. 2007).   
 The overall mean holobiont and symbiont ETRmax means across treatments (~25.0 and 
~20.0 µmol electrons m-2 s-1, respectively) were comparable to those found in the diatom-bearing 
H. depressa and Amphistegina spp. (Nobes et al. 2008).  One might postulate that cooler 
temperatures (e.g., 11.9 °C) would have reduced biochemical activity (i.e., decreased ETRmax) 
due to slower cellular functions, and that higher temperatures would increase the ETRmax until 
photoinhibition and photodamage were induced (Kirk 2011).  However, the cooler treatments, 
not only showed higher ETRmax rates than warmer treatments, but they were less variable as well.   
 In Experiments 1 and 2, symbiont Ek means [124 µmol photons m-2 s-1 (SD = 22.7)], 
excluding the 32.4°C treatment, were significantly higher than those for the holobionts [114 
µmol photons m-2 s-1 (SD = 17.6)] from which they were extracted, though trends were similar 
and relatively stable.  These Ek means were similar to free-living benthic microalgae (65 - 110 
µmol photons m-2 s-1) and high light-adapted seagrasses such as Thallasium testudinum, Zostera 
marina and Phyllospadix torreyi (Ek = ~150 - 250 µmol photons m-2 s-1) (Ralph & Gademann 
2005, Uthicke 2006, Kirk 2011).  Under stress, the electron capacity of the PSII complex 
diminishes and overexcitation occurs (Abrego et al. 2008).  Previous observations have shown 
that a decrease in Ek is common with a decrease in temperature, corresponding with earlier PAR 
overexcitation levels and decreases in yields (Falkowski & Raven 2007, Kirk 2011).  This was 
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not observed in Experiments 1 and 2 temperature treatments. The cooler temperature treatment 
Ek means from Experiment 1 (11.9°, 15.4° and 18.6 °C) were in fact, slightly higher than in the 
warmer treatments. 
 The selected median rETR light curves of A. angulatus from Experiments 1 and 2 
generally depicted what are considered “typical” or “classical” rETR light curve trends.  These 
trends consist of an initial rapid increase in rETR to a maximum value (rETRmax), followed by a 
depression period (photoinhibition) and then stress damage, shown as a decline in rETR at higher 
light intensities (Kirk 2011).   
 Beers et al. (1998) observed a linear correlation between O2 production and electron 
transfer rates in Ulva spp. (Chlorophyta) measured by PAM fluorometry.  Walker et al. (2011) 
measured O2 production rates and observed that the photoefficiency (α) of A. angulatus ranged 
from 0.55 - 5.74 e-/photons and Ek irradiance values were ~35 - 163 µmol photons m-2 s-1 with 
the maximum oxygen production observed at a median photosynthetically active radiation (PAR) 
of 542 µmol photon m-2 s-1, followed by a decline in photosynthetic activity at increasing light 
intensities (Fig. 25a).  Those findings showed high individual variability in measurements.  
Comparative analyses of the median rETR light curves in Experiments 1 and 2 treatments on 
days 1, 7 and 21 supported those results (see Fig. 25b).  The trends I observed were very similar 
to those reported by Walker et al. (2011), though the alpha values were noticeably lower.  The 
median rETR light curves trends showed an initial rapid increase in rETR values approaching 
maximum saturation irradiance (Ek) of ~ 107 - 162 µmol photons m-2 s-1, with stress damage 
occurring at PAR > 500 µmol photons m-2 s-1 (Appendix K1a).  Kohler-Rink & Kulh (2001), also 
using O2 production measurements, observed the onset of saturation (Ek) in Amphisorus 
hemprichii, a dinoflagellate-bearing LBF, at 95 µmol photons m-2 s-1.  Moreover, the rETRmax that 
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I observed occurred at PAR ~200 µmol photons m-2 s-1 in all treatments from Experiments 1 and 
2.  The maximum saturation irradiance (Ek), by necessity, is lower than “observed” PAR values at 
rETRmax because it is based on derived alpha values (Ek = ETRmax/ α) (Ralph & Gademann 
2005).  
 A linear relationship between CO2 production and the electron transfer rates during PSII 
excitation was observed by Gentry et al. (1989).  The rETR maximum irradiance intensities are 
consistent with previous studies by Duguay and Taylor (1978), who found, using carbon 
radioisotope measurements, that CO2 fixation in A. angulatus was light limited up to intensities 
~200 µmol photon m-2 s-1 and determined that there was no difference in CO2 fixation at light 
levels ~380 µmol photon m-2 s-1.  Additionally, Duguay (1983), again using radioisotope 
procedures, reported maximum calcium uptake in A. angulatus at 200-250 µmol photon m-2 s-1.  
 The light curve parameters determined in this study, were slightly lower than Pmax and Ek 
values observed in the previously mentioned gas production studies.  However, these 
observations were consistent with previously observed chlorophyll fluorescence limitations, 
which include an underestimation of rETR and rETRmax due to the lack of full photosynthetic 
induction, non-achievement of a steady state in the PSII and PSI reaction centers, and the general 
trend of RLC functions to be lower at higher irradiances than in determinations of oxygen 
evolution (Falkowski & Raven 2007). 
 Though Experiment 3 was numerically incommensurable to Experiments 1 and 2, due to 
derived chlorophyll fluorescence values from the rETR light curves magnitudes lower, the trends  
were comparable; with the added parameters of a lower temperature range and longer 
experimental duration.  It appeared that the light intensity, at which observed maximum electron 
transport approached, was at ~200 µmol photons m-2 s-1, similar to Experiments 1 and 2 values.   
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Figure 25a-b. Experiment 1-2 and Walker et al. (2011):  Holobiont rETR median light curve 
trend comparisons on day 7, at each temperature treatment.  (a) O2 gas production measurements 
at 25 °C from Walker et al. (2011).  (b) Median rETR trends from Experiments 1 and 2 on day 7 
showing 21.4 °C treatment measurements. (PAR = µmol photons m-2 s-1, rETR= µmol electrons 
m-2 s-1). 
 
This is in accordance to the maximum irradiance of A. angulatus at Pmax observed in Walker et 
al. (2011) and Duguay and Taylor (1978).  Why the Experiment 3 chlorophyll fluorescence 
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values were magnitudes lower is unresolved.  It may have been an instrument malfunction or 
unknown calibration error in the Walz® Mini-PAM.    
 The tolerances to temperatures well below previously reported minima for A. angulatus  
was completely unanticipated (Fig. 26).  Low temperatures can decrease biochemical activity in  
chloroplasts; decreasing the maximum rate of electron transport during photosynthesis, thereby 
increasing the potential for photodamage due to over excitation in the photosystem reaction 
centers (Falkowski & Raven 2007).  Astonishingly, the yields in holobionts in the 4.4 ºC 
treatment in Experiment 3 showed no significant declines until they were returned to ~23 °C 
after 21 days.  The return to ambient temperature during the recovery period (days 22 - 31) in 
Experiment 3, apparently stressed the specimens in the 4.4 °C treatment; possibly indicating that 
the holobionts acclimated to the lower temperature.  Pocock & Lachance (2004) identified a 
green alga, Chlamydomonas raudensis, at 10 - 17 m depth in the permanently ice-covered lake, 
Lake Bonney, Antarctica.  Interestingly, this species is closely related to C. hedleyi.  
Experimental Design and Variability in Data Sets 
Light Intensity and Temperature Control  
 The light intensities in all aquaria (mean range from 12 - 16 µmol photons m-2 s-1) were 
very consistent throughout the experimental period.  The light level was selected to prevent any 
photic stress damage due to high light intensities during the experiment.  The decision to use low 
light intensities was based on the assumption that higher light can reduce maximum quantum 
yields, induce a bleaching response or induce chronic photoinhibition (Abrego et al. 2008, 
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Figure 26.  Experiment 3:  Photograph of A. angulatus on day 21 at 4.4 °C temperature treatment 
with the green algae, C. hedleyi, visible in test chambers. 
 
Schmidt et al. 2011, Uthicke et al. 2011).  Excess light can become a liability and contribute to 
degradation of the PSII reaction centers.  Schmidt et al. (2011) recorded incidences of partial 
bleaching in Heterostegina depressa at light levels 11 - 15 µmol photons m
-2 
s
-1
.
    
 
The experimental light level is low for A. angulatus, which can occur in benthic habitats 
only 1 - 2 m deep, but not for those found on open shelves or reef margins at greater depths.  
Archaias angulatus are exposed to variable light fields due to tidal changes and to turbidity 
caused by wave action, shading by clouds, and shading by seagrasses such as Thalassia 
testudinum and filamentous algae.  Light levels during a five-day period in May - June 2012, 
measured where the A. angulatus were collected, showed means of 60 - 170 µmol photons  
m
-2 
s
-1
, with light intensity maxima > 220 µmol photons m
-2 
s
-1
 (Appendix N).  Plant cells adapt 
to the intensity of light at which they are grown by changing the number or size of the light 
harvesting complexes (LHCs) (Falkowski & Raven 2007).  Foraminifers have the ability to adapt 
to light intensities under culture conditions (Schmidt et al. 2011), so the low light intensity likely 
influenced overall responses.   
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In Experiment 3, the recorded minimum and maximum light levels fluctuated between 
days 12 - 13 during a 24-hour period; though the overall light mean intensities did not reflect 
that.  This was due to an intermittent loss of electrical power causing the light instruments to 
malfunction.  During this time the aquaria were exposed to < 1.0 µmol photons m-2 s-1.  I 
recorded an enigmatic drop in all maximum quantum yields on day 14 for this experiment.  The 
decline of yields in treatments on day 14 suggests an additive synergistic response of light and 
thermal stress.  Ziegler and Uthicke (2011) showed greater yield values at lower light intensities 
than at higher light intensities, and demonstrated diurnal cycles in diatom-bearing and 
dinoflagellate-bearing LBF.  Would an extended time in the dark produce a lower yield?   
It is possible that the decline in yields on day 14 was due to overgrowth on the 
foraminifers and consequent energy expenditure used for cleaning.  Nutrition, in the form of F2- 
medium and brine shrimp, were added to the treatments every seven days, so as not to be a 
limiting factor for symbiont growth.  Suspended particles had been observed in the aquariums 
and noted that day as the water had become slightly clouded.  Schmidt et al. (2011) noted 
negative photophysiological effects, reduced Fv/Fm values, due to nutrient enhancement on one 
foraminiferal species bearing dinoflagellates.  
Mean temperatures were very consistent within the treatments due to the utility of the 
temperature-control plates.  Temperatures were kept within a 1-2°C range during the 
experimental periods. 
Variability of Data Sets 
 There were small differences between Experiments 1 and 2, and greater differences in 
Experiment 3.  Experiment 2, which included the 28.1 ºC and 32.4 °C treatments, was performed 
one month after Experiment 1, using the same A. angulatus specimens collected and maintained 
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in culture.  Archaias angulatus may have acclimated to the lower light intensities and lower 
temperature conditions (21.4 °C) during that one month period, which could have contributed to 
the increased sensitivity of the 28.1 °C treatment group.  Experiment 3 was conducted with 
foraminifers collected in December.  They were already acclimated to the lower light intensities 
and lower temperatures experienced in winter months.  Would collection of A. angulatus in the 
summer months, with high water temperatures and light intensities, affect the photochemical 
responses to thermal changes?  Are they more able to handle heat stress after living at higher 
temperatures?  Moreover, the variability observed in the chlorophyll a concentrations in all three 
experiments, though I did see a trend in Experiment 1-2, suggests a high degree of individual 
variability and ability to acclimate in A. angulatus.  This study, and those conducted by Walker et 
al. (2011), Ziegler and Uthicke (2011), Schmidt et al. (2011) and others, all have shown that 
foraminifera tend to exhibit substantial individual variability.  This observation of a possible 
acclimation response and individual variability requires further study, and should be considered 
in designing future experiments. 
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CONCLUSIONS 
 Three experiments spanning the temperature range from 4.4° to 33.9 °C, over 7 - 31 days, 
indicate that Archaias angulatus is more sensitive to temperature increase than decrease.   
A. Archaias angulatus can survive and actively photosynthesize at temperatures as low 
as 4.4 ºC, well below previously reported minima (14 °C). 
B. All response variables including visual observation of symbiont color in the test 
specimens, chlorophyll a concentration, and all photochemical measurements 
supported the fundamental observations that A. angulatus can survive extended 
exposure to colder temperatures than it normally experiences within its current 
biogeographic range.  
C. Archaias angulatus is extremely sensitive to temperatures exceeding 31 ºC.  Most test 
specimens died within two days at 33.9 ºC, and within a week of exposure to 32.4 ºC.   
Thus, A. angulatus, like many tropical taxa with algal symbionts, seasonally 
experiences temperatures near its upper lethal limits.  
D. Chlorophyll a concentrations within individual test specimens were negatively 
correlated with temperature in Experiments 1 and 2.  Overall, chlorophyll a per foram 
was quite variable and therefore results are inconclusive.   
E. Holobiont chlorophyll a was positively correlated with maximum quantum yield, 
diameter and initial chlorophyll fluorescence (Fo). 
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F. Isolated symbionts exhibited similar trends in photophysiological parameters (yield, 
alpha, ETRmax and Ek).  Holobiont values tended to be somewhat higher than those 
for the symbionts, with the exception of Ek.   
G. Overall, rETR light curve trends and derived photochemical parameters of yield, 
alpha, ETRmax and Ek supported previously reported findings for foraminiferal 
holobionts. Alpha was minimally affected by variations in temperature.  ETRmax and 
Ek means were higher and less variable in cooler treatments than warmer treatments.  
H. Median rETR light curves of A. angulatus from Experiments 1-2 revealed “typical” 
trends, with maximum saturation irradiance (Ek) ~107 - 162 µmol photons m-2 s-1, 
maximum electron transport at PAR ~200 µmol photons m-2 s-1, and photoinhibition at 
PAR values > 500 µmol photons m-2 s-1, consistent with  previous studies.  
I. As in similar previous studies, variability was relatively high for most response 
parameters assessed.  Both short-term and seasonal acclimation should be considered 
in designing future studies of photophysiological responses of foraminiferal 
holobionts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 67 
 
 
 
 
 
 
REFERENCES 
 
Abrego, D, Ulstrup, KE, Willis, BL & van Oppen, MJH (2008). Species-specific interactions 
 between algal endosymbionts and coral hosts define their bleaching response to heat and 
 light stress. Proceedings Biological Sciences / The Royal Society, 275(1648):2273-2282. 
 
Beer, S, Vilenkin, B, Weil, A, Veste, M, Susel, L & Eshel, A (1998).  Measuring photosynthetic 
 rates in seagrasses by pulse amplitude modulated (PAM) fluorometry. Marine Ecology-
 Progress Series, 174:293-300. 
 
Berkelmans, R & van Oppen, MJH (2006).  The role of zooxanthellae in the thermal tolerance 
 of corals: a “nugget of hope” for coral reefs in an era of climate change.  Proceedings 
Biological Sciences / The Royal Society, 273(1599):2305-2312. 
 
Brading, P, Warner, ME, Davey, P, Smith, DJ, Achterberg, EP & Suggett, DJ (2011).  Differential 
 effects of ocean acidification on growth and photosynthesis among phylotypes of 
 Symbiodinium (Dinophyceae).  Limnology and Oceanography, 56(3):927-938. 
 
Coffroth, MA & Santos, SR (2005).  Genetic diversity of symbiotic dinoflagellates in the genus 
Symbiodinium.  Protist, 156(1):19-34. 
 
Cooper, TF, Gilmour, JP & Fabricius, KE (2009).  Bioindicators of changes in water quality on 
coral reefs: review and recommendations for monitoring programs. Coral Reefs, 
28(3):589-606. 
 
Cottey, TL & Hallock, P (1988).  Test surface degradation in Archaias angulatus. Journal of 
Foraminiferal Research, 18(3), 187-202. 
 
Crevison, H & Hallock, P (2007).  Anomalous features observed on tests of live archaiasine 
foraminifers from the Florida Keys, USA. Journal of Foraminiferal Research, 37(3):223-
233. 
 
Duguay, LE (1983). Comparative laboratory and field studies on calcification and carbon 
 fixation in foraminiferal algal associations. Journal of Foraminiferal Research, 13:252-
 261. 
 
Duguay, LE & Taylor, DL (1978).  Primary production and calcification by the Soritid 
foraminifer Archaias angulatus (Fichtel & Moll).  Journal of Eukaryotic Microbiology, 
25(3):356-361. 
 68 
 
Enriquezz, S, Mendez, ER & Iglesias-Prieto, R (2005).  Multiple scattering on coral skeletons 
 enhances light absorption by symbiotic algae.  Limnology and Oceanography, 
 50(4):1025-1032. 
 
Falkowski, PG & Raven, JA (2007).  Aquatic Photosynthesis 2nd Ed., New Jersey: Princeton 
University Press. 
 
Fichtel, L & Moll, JPC (1798).  Shellacea microscopica aliaqueminuta ex generibus Argonauta et 
Nautilus ad naturam picta et descripta. Pichler, Vienna. 123.  
 
Finelli, CM, Helmuth, BST, Pentcheff, ND & Wethey, DS (2006).  Water flow influences oxygen 
 transport and photosynthetic efficiency in corals.  Coral Reefs, 25:47-57. 
 
Fitt, W, Brown, B, Warner, ME & Dunne, P (2001).  Coral bleaching: interpretation of thermal 
 tolerance limits and thermal thresholds in tropical corals.  Coral Reefs, 20(1):51-65. 
 
Forster, B, Osmond, CB & Boynton, JE (2001).  Very high light resistant mutants of 
Chlamydomonas reinhardtii:  Responses of Photosystem II, nonphotochemical quenching 
and xanthophyll pigments to light and CO2.  Photosynthesis Research, 67:5-15. 
 
Fujita, K & Hallock, P (1999).  A comparison of phytal substrate preferences of Archaias 
angulatus and Sorites orbiculus in mixed macroalgal-seagrass beds in Florida Bay.  
Journal of Foraminiferal Research, 1999:29(2):143-151. 
 
Fujita, K, Hikami, M, Suzuki, A, Kuroyanagi, A & Kawahata, H (2011).  Effects of ocean 
 acidification on calcification of symbiont-bearing reef foraminifers.  Biogeosciences 
 Discussions, 8(1):1809-1829. 
 
Glynn, PW (1991).  Coral reef bleaching in the 1980s and possible connections with global 
warming.  Trends in Ecology & Evolution, 6(6):175-179. 
 
Glynn PW (1996).  Coral reef bleaching: facts, hypotheses and implications.  Global Change 
  Biology, 2:495-509. 
 
Hallock, P, Cottey, TL, Forward, LB & Halas, J (1986a).  Population biology and sediment 
production of Archaias angulatus (Foraminiferida) in Largo Sound, Florida.  Journal of 
Foraminiferal Research, 16(1):1-8. 
 
Hallock, P & Peebles, MW (1993).  Foraminifera with Chlorophyte endosymbionts-habitats of 
6 species in the Florida Keys.  Marine Micropaleontology, 20(3-4):277-292. 
 
Hallock, P, Lidz, B, Cockey-Burkhard, EM & Donnelly, KB (2003).  Foraminifera as 
 bioindicators in coral reef assessment and monitoring: the FORAM index.  
 Environmental Monitoring Assessment, 81:221-238. 
 
 
 69 
 
Hoegh-Guldberg, O (1999).  Climate change, coral bleaching and the future of the world’s coral 
reefs.  Marine Freshwater Research, 50:839-866. 
 
Hoegh-Guldberg, O (2005).  Low coral cover in a high-CO2 world. [Review].  Journal of 
 Geophysical Research-Oceans, 110:C09S06. 
             
Hoegh-Guldberg, O, Mumby, PJ, Hooten, AJ, Steneck, RS, Greenfield, P, Gomez, E, Harvell, 
 CD, Sale, PF, Edwards, AJ, Caldeira, K, Knowlton, N, Eakin CM, Iglesias-Prieto, R, 
 Muthiga, N, Bradbury, RH, Dubi, A & Hatziolos, ME (2007).  Coral reefs under rapid 
 climate change and ocean acidification.  Science, 318(5857):1737-1742. 
             
Holms-Hansen, O & Riemann, B (1978).  Chlorophyll a determination: improvements in 
 methodology.  Oikos, 30:438-447. 
 
Iglesias-Prieto, R, Matta, JL, Robins, W, Robins, WA & Trench, RK (1992).  Photosynthetic 
 response to elevated temperature in the symbiotic dinoflagellate Symbiodinium 
 microadriaticum in culture.  Proceedings of the National Academies of Science USA, 
 89(21):10302-5. 
 
Jassby, AD & Platt, T (1976).  The relationship between photosynthesis and light for natural 
assemblages of coastal marine phytoplankton.  Journal of Phycology, 12:421-430. 
 
Jokiel, P & Coles, S (1990).  Response of Hawaiian and other Indo-Pacific reef corals to 
elevated temperature.  Coral Reefs, 8(4):155-162. 
 
Kohler-Rink, S & Kuhl, M (2001).  Microsensor studies of photosynthesis and respiration in the 
 larger symbiont bearing foraminifera Amphistegina lobifera and Amphisorus hemprichii.  
 Marine Biology, 55(2):111-122. 
 
Langer, MR, Silk, MT & Lipps, JH (1997).  Global ocean carbonate and carbon dioxide 
production: the role of reef foraminifera.  Journal of Foraminiferal Research, 27(4):271-
277. 
 
Langer, MR & Hottinger, L (2000).  Biogeography of selected “larger” foraminifera.  
 Micropaleontology, 46(1):105-127. 
 
Kirk, JTO (2011). Light and Photosynthesis in Aquatic Ecosystems 3rd Ed., New York, 
Cambridge University Press. 
 
Lee, JJ (2006).  Review Article: algal symbiosis in larger foraminifera.  Symbiosis, 42:63–75. 
 
Lee, JJ & Bock, WD (1976).  Importance of feeding in 2 species of Soritid foraminifera with 
algal symbionts.  Bulletin of Marine Science, 26(4):530-537. 
 
Lee, JJ & Zucker, W (1969).  Algal flagellate symbiosis in the foraminifer Archaias.  Journal  
 of Eukaryotic Microbiology, 16(1):71-81. 
 70 
 
Lee, JJ, Crockett, LJ, Hagen, J & Stone, R (1974).  The taxonomic identity and physiological 
 ecology of Chlamydomonas hedleyi new-species algal flagellate symbiont from the 
 foraminifer Archaias angulatus.  British Phycological Journal, 9(4):407-422. 
 
Lee, JJ, Cervasco, M, Morales, J, Billik, M, Fine, M & Levy, O (2010).  Symbiosis drove  cellular 
 evolution.  Symbiosis, 51(1):13-25. 
 
Margulis, L & Foster, R (1991).  Symbiosis as a Source of Evolutionary Innovation: Speciation 
and Morphogenesis. MIT Press, Boston. 
 
Martin, RE (1986).  Habitat and distribution of the foraminifer Archaias Angulatus (Fichtel and 
Moll) (Miliolina, Soritidae), Northern Florida Keys.  Journal of Foraminiferal Research, 
16(3):201-206. 
 
Maxwell, K & Johnson, GN (2000).  Chlorophyll fluorescence-a practical guide.  Journal of 
Experimental Botany, 51(345):659-668. 
 
Miller, CB (2004).  Biological Oceanography.  Massachusetts:  Blackwell Publishing. 
 
Muscatine, L (1990).  The role of symbiotic algae in carbon and energy flux in reef corals. In: Z 
Dubinsky (ed) Ecosystems of the World. Elsevier, Amsterdam, The Netherlands, 75–87. 
 
Nobes, K, Uthicke, S & Henderson, R (2008).  Is light the limiting factor for the distribution of 
benthic symbiont bearing foraminifera on the Great Barrier Reef?  Journal of 
Experimental Marine Biology and Ecology, 363(1-2):48-57. 
 
Parkhill, JP, Maillet, G & Cullen, JJ (2001).  Fluorescence-based maximal quantum yield for 
PSII as a diagnostic of nutrient stress.  Journal of Phycology, 37:517–529.  
 
Platt, T, Gallegos, C & Harrison, W (1980).  Photoinhibition of photosynthesis in natural 
assemblages of marine phytoplankton.  Journal of Marine Research, 38:687-701. 
 
Pawlowski, J, Holzmann, M, Fahrni, JF & Hallock, P (2001).  Molecular Identification of Algal 
 Endosymbionts in Large Miliolid Foraminifera: 1. Chlorophytes.  Journal of Eukaryotic 
 Microbiology, 48(3):362-367. 
 
Pocock, T & Lachance, M (2004).  Identification of a psychrophilic green alga from Lake 
 Bonney, Antarctica:  Chlamydomonas raudensis ettl. (UWO 241) Chlorophyceae.  
 Journal of Phycology, 40:1138-1148. 
 
Ralph, PJ & Gademann, R (2005).  Rapid light curves:  A powerful tool to assess photosynthetic 
activity.  Aquatic Botany, 82:222-237. 
 
Reymond, C, Uthicke, S & Pandolfi, J (2011).  Inhibited growth in the photosymbiont-bearing 
foraminifer Marginopora vertebralis from the nearshore Great Barrier Reef, Australia.  
Marine Ecology Progress Series, 435:97-109. 
 71 
 
Richardson, S (2006).  Endosymbiont bleaching in epiphytic population of Sorites dominicensis. 
Symbiosis, 42:103-117. 
 
Röttger, R & Berger, WH (1972).  Benthic foraminifera-morphology and growth in clone 
 cultures of Heterostegina depressa.  Marine Biology, 15(1):89-94. 
 
Röttger, R, Irwan, A, Schmaljohann, R & Franzisket, L (1980).  Growth of the symbiont-bearing 
foraminifera Amphistegina lessonii D'Orbigny and Heterostegina depressa D'Orbigny 
(Protozoa).  Endocytobiology, 1:125-132. 
 
Rowan, R (1998).  Diversity and ecology of zooxanthellae on coral reefs.  Journal of Phycology, 
34:407–417. 
 
Rowan, R (2004).  Thermal adaptation in reef coral symbionts.  Nature 430:742. 
 
Schaffer, BA, Kamykowski, D, McKay, L, Sinclair, G & Milligan, EJ (2007).  A comparison of 
 photoresponse among ten different Karenia Brevis (Dinophyceae) isolates.  Journal of 
 Phycology, 43:702-714. 
 
Schmidt, C, Heinz, P, Kucera, M & Uthicke, S (2011). Temperature-induced stress leads to 
 bleaching in larger benthic foraminifera hosting endosymbiotic diatoms.  Limnology and 
 Oceanography, 56(5):1587-1602.  
 
Schrieber, U, Kuhl, M, Klimant, I & Reising, H (1996).  Measurement of chlorophyll 
 fluorescence within leaves using a modified PAM fluorometer with a fiber-optic 
 microprobe.  Photosynthesis Research, 47:103-109. 
 
Sen Gupta, BK (1999).  Modern Foraminifera, Massachusetts, Kluwer Academic Publishers. 
 
Sinutok, S, Hill, R, Doblin MA, Wuhrer, R & Ralph P (2011).  Warmer more acidic conditions 
 cause decreased productivity and calcification in subtropical coral reef sediment-dwelling 
 calcifiers.  Limnology and Oceanography, 56(4):1200-1212.  
 
Souder, HC, McCloskey, B, Hallock, P & Byrne, R (2010).  Shell anomalies observed in a 
population of Archaias angulatus (Foraminifera) from the Florida Keys (USA) sampled 
in 1982-83 and 2006-07.  Marine Micropaleontology, 77(1-2):71-81. 
 
Stevens, JP (2009).  Applied Multivariate Statistics for the Social Sciences, 5th Ed.  United 
States, Taylor & Francis. 
 
Suggett, DJ, Prasil, O & Borowitzka, MA (2011).  Chlorophyll a Fluorescence in Aquatic 
Sciences:  Methods and Applications, New York, Springer. 
 
Tabachnick, BG & Fidell, LS (2007).  Using Multivariate Statistics: 5th Edition, 
Boston, Pearson Education. 
 
 72 
 
Talge, HK & Hallock, P (2003).  Ultrastructural responses in field-bleached and experimentally 
stressed Amphistegina gibbosa (Class Foraminifera).  Journal of Eukaryotic 
Microbiology. 50(5):324-333. 
 
Takahashi, S & Badger, MR (2011).  Photoprotection in plants: a new light on photosystem II 
damage.  Trends Plant Science 16(1):53-60. 
 
Uthicke, S (2006).  Photosynthetic efficiency and rapid light curves of sediment-biofilms along a 
 water quality gradient in the Great Barrier Reef, Australia.  Marine Ecology Progress 
 Series, 322:61-73. 
 
Uthicke, S, Vogel, N, Doyle, J, Schmidt, C & Humphrey, C (2011).  Interactive effects of climate 
 change and eutrophication on the dinoflagellate-bearing benthic foraminifer Marginopora 
 vertebralis. Coral Reefs, 31(2):401-414. 
 
Walker, RA, Hallock, P, Torres, JJ & Vargo GA (2011).  Photosynthesis and respiration in five 
 benthic foraminifera that host algal endosymbionts.  Journal of Foraminiferal Research, 
 41(4):314-325. 
 
Walz® PAM Fluorometer Manual, http:// Walz-USA.com. 
 
Warner, ME, Lesser, MP & Ralph PJ (2010).  Chlorophyll a Fluorescence in Aquatic Sciences:  
 Methods and Applications. Springer Netherlands. 4:209-222. 
 
Williams, DE & Hallock, P (2004).  Bleaching in Amphistegina gibbosa d’Orbigny (Class  
Foraminifera): observations from laboratory experiments using visible and ultraviolet 
light.  Marine Biology, 145(4):641-649. 
 
Willits, DH & Peet, MM (2001).  Measurement of chlorophyll fluorescence as a heat stress 
indicator in tomato: laboratory and greenhouse comparisons.  Journal of the American 
Society for Horticultural Science, 126.2:188-194. 
 
Wilson, B (2006).  The environmental significance of Archaias angulatus (Miliolida, 
 Foraminifera) in sediments around Nevis, West Indies.  Caribbean Journal of Science, 
 42:20-23. 
   
Wooldridge, SA (2010). Is the coral-algae symbiosis really ‘mutually beneficial’ for the 
partners?  BioEssays, 32(7):615-625. 
 
Ziegler, M & Uthicke, S (2011).  Photosynthetic plasticity of endosymbionts in larger benthic 
coral reef foraminifera.  Journal of Experimental Marine Biology and Ecology, 
407(1):70-80. 
 
 
 73 
 
 
 
APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 74 
 
Appendix A1. Experiment 1, 2 and 3: Maximum diameters (mm) by day and temperature 
treatment. 
Day Temperature Treatment °C 
 (3) (1) (1) (1) (1) (2) (3) (3) (2) (3) (1) (2) (1) 
  4.4 11.9 15.4 18.6 21.4 23.6 24.0 27.3 28.1 29.5 31.0 32.4 33.9 
Day 1 2.3 x x x 2.1 2.4 3.0 x x x x x x 
 
1.8 x x x 2.5 2.1 2.4 x x x x x x 
 
2.2 x x x 2.4 2.9 2.5 x x x x x x 
 
2.4 x x x 3.0 2.8 3.1 x x x x x x 
 
3.0 x x x 2.5 2.7 2.5 x x x x x x 
 
2.5 x x x 2.5 3.0 3.4 x x x x x x 
 
2.2 x x x 2.3 2.1 2.4 x x x x x x 
 
2.3 x x x 1.0 2.2 2.6 x x x x x x 
 
2.4 x x x 2.1 1.5 2.4 x x x x x x 
 
1.7 x x x 2.0 2.3 1.9 x x x x x x 
 
x x x x X x x x x x x x x 
Day 3 2.2 2.1 2.1 2.7 2.6 2.1 2.5 2.0 2.2 2.9 2.7 2.3 2.0 
 
2.3 2.8 3.7 2.2 1.9 2.2 2.3 2.1 2.6 3.0 1.8 2.0 2.6 
 
2.7 2.4 2.7 2.5 2.0 2.4 1.9 2.1 2.3 3.0 1.7 2.1 2.4 
 
2.8 2.8 2.4 1.9 2.6 2.0 2.0 2.6 2.4 2.7 1.8 2.1 2.7 
 
2.0 1.9 2.4 1.2 1.4 2.2 2.4 2.8 2.4 2.1 2.4 2.3 2.3 
 
2.0 2.7 2.2 2.1 2.5 2.2 2.1 2.5 2.0 2.5 2.4 2.0 2.4 
 
2.5 2.1 1.4 2.8 1.9 2.4 2.6 2.0 1.8 2.0 1.8 2.5 2.0 
 
2.8 2.7 2.4 3.2 1.7 2.3 2.1 2.4 2.5 2.0 1.8 2.0 2.4 
 
1.8 2.4 2.1 1.7 2.2 1.6 1.4 2.5 2.5 2.0 1.9 2.1 1.8 
 
2.3 1.6 2.2 2.0 1.9 2.0 1.7 1.6 2.3 1.5 2.4 2.3 1.6 
Day 5 3.0 2.4 2.3 2.2 1.8 1.6 2.0 2.2 1.8 2.4 2.5 1.9 3.0 
 
2.5 2.7 2.2 1.9 2.5 1.6 1.8 2.4 2.1 2.3 2.1 1.9 2.4 
 
2.4 2.2 2.3 2.4 2.2 1.7 2.1 2.1 2.2 2.1 1.7 2.1 2.8 
 
2.4 2.9 2.5 2.7 2.1 1.7 2.1 2.7 1.6 2.2 2.8 1.6 2.6 
 
2.4 2.8 2.0 2.2 1.8 1.4 2.0 2.2 1.5 2.6 1.5 1.4 2.8 
 
2.5 2.2 2.3 1.6 2.1 2.0 1.6 1.9 1.7 2.2 2.6 1.3 2.4 
 
2.5 2.2 2.7 2.7 1.9 1.5 2.0 2.4 1.5 2.3 1.9 1.7 2.3 
 
1.8 1.6 2.4 2.7 2.3 1.9 2.5 2.2 1.9 2.1 2.1 2.1 2.3 
 
1.9 1.9 2.6 2.5 1.8 2.2 2.5 2.0 1.7 1.7 1.9 1.9 2.9 
 
1.9 2.0 2.2 2.6 1.2 2.1 2.7 1.9 2.4 3.4 1.5 2.6 1.8 
Day 7 2.1 2.6 2.1 2.5 2.6 1.8 2.2 2.1 2.4 2.4 2.2 2.4 2.4 
 
2.0 2.5 2.6 2.4 2.7 2.2 2.0 2.7 2.8 1.9 2.3 2.1 2.0 
 
2.2 2.3 3.0 2.2 2.0 2.0 2.2 2.5 2.5 2.1 2.3 2.7 2.0 
 
1.9 2.0 2.9 2.5 2.3 2.5 2.0 3.0 2.6 2.5 2.3 2.6 2.9 
 
1.6 2.0 2.2 2.4 2.3 2.1 2.2 2.3 3.1 2.1 2.2 2.9 2.7 
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1.6 2.0 1.9 2.5 2.7 2.1 1.7 2.5 2.2 2.5 2.4 3.4 3.0 
 
1.5 2.4 2.0 2.4 2.5 2.6 1.9 2.4 1.6 2.2 2.0 2.5 2.4 
 
2.2 2.6 2.2 2.3 2.5 2.7 2.6 2.2 1.5 2.6 2.7 2.3 1.9 
 
1.9 2.7 2.9 3.0 3.1 2.2 2.8 1.8 2.4 2.0 2.9 2.7 2.2 
 
2.2 3.5 3.5 3.3 3.0 1.7 2.2 1.8 2.5 1.8 1.7 2.5 2.3 
Day 14 2.6 2.4 2.7 2.5 2.7 x 2.1 2.7 x 1.9 2.6 x x 
 
2.5 2.6 2.1 2.5 2.8 x 2.0 2.6 x 2.3 2.4 x x 
 
2.6 2.7 2.4 2.5 2.8 x 2.8 2.1 x 2.1 2.0 x x 
 
2.5 2.7 2.4 2.1 3.0 x 2.6 1.9 x 2.3 1.9 x x 
 
2.1 3.0 2.7 2.1 2.3 x 2.0 1.7 x 2.0 2.4 x x 
 
1.9 3.1 2.0 1.9 2.6 x 1.6 2.1 x 2.5 1.5 x x 
 
1.8 2.2 1.3 2.7 2.4 x 1.9 1.8 x 2.4 2.0 x x 
 
1.7 2.2 2.8 2.9 2.4 x 1.5 2.3 x 2.2 2.6 x x 
 
1.6 2.5 2.9 3.0 2.6 x 1.8 1.7 x 2.7 2.2 x x 
 
1.6 2.0 2.7 3.0 2.6 x 2.1 2.0 x 1.7 2.9 x x 
Day 21 2.2 2.3 2.8 2.9 2.6 x 3.0 2.2 x 1.9 2.6 x x 
 
2.1 2.1 3.0 2.9 2.6 x 1.5 2.1 x 2.0 2.5 x x 
 
2.1 2.5 3.1 3.2 2.6 x 2.7 1.9 x 2.0 2.7 x x 
 
2.3 2.2 2.7 2.5 2.5 x 2.4 2.4 x 2.4 2.4 x x 
 
2.2 2.3 3.0 2.4 3.0 x 2.4 2.3 x 2.2 2.9 x x 
 
2.5 2.6 2.3 2.4 2.2 x 2.0 3.1 x 1.9 3.1 x x 
 
2.2 2.6 2.3 2.3 2.1 x 1.9 2.3 x 1.9 2.8 x x 
 
2.2 2.1 2.3 2.6 2.1 x 1.6 1.7 x 1.9 2.9 x x 
 
1.7 2.8 2.1 1.8 2.4 x 1.4 1.5 x 1.8 3.5 x x 
 
1.5 2.8 3.4 2.1 2.2 x 1.9 1.8 x 1.7 3.7 x x 
RECOVERY                           
Day 25 1.8 x x x X x 3.0 2.7 x 2.5 x x x 
 
2.0 x x x X x 1.5 2.1 x 2.5 x x x 
 
1.6 x x x X x 2.7 2.2 x 2.2 x x x 
 
1.6 x x x X x 2.4 2.5 x 2.1 x x x 
 
1.6 x x x X x 2.4 2.2 x 2.0 x x x 
 
1.3 x x x X x 2.0 2.0 x 1.7 x x x 
 
1.4 x x x X x 1.9 1.4 x 1.5 x x x 
 
1.1 x x x X x 1.6 2.0 x 1.8 x x x 
 
1.7 x x x X x 1.4 2.5 x 1.9 x x x 
 
1.4 x x x X x 1.9 3.3 x 1.6 x x x 
 
x x x x X x x 2.4 x x x x x 
Day 28 3.0 x x x X x 2.0 3.2 x 1.9 x x x 
 
2.9 x x x X x 2.2 3.1 x 2.1 x x x 
 
2.9 x x x X x 2.3 2.6 x 1.8 x x x 
 
2.5 x x x X x 2.5 2.1 x 2.2 x x x 
 
2.1 x x x X x 2.5 2.2 x 1.9 x x x 
 
1.8 x x x X x 2.0 1.8 x 2.2 x x x 
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1.7 x x x X x 2.1 2.2 x 2.0 x x x 
 
1.7 x x x X x 1.8 1.8 x 2.2 x x x 
 
1.8 x x x X x 1.9 2.1 x 2.3 x x x 
 
1.5 x x x X x 1.9 1.6 x 1.7 x x x 
Day 31 2.3 x x x X x 2.1 2.5 x 2.0 x x x 
 
2.0 x x x X x 2.2 2.5 x 2.0 x x x 
 
1.9 x x x X x 2.0 2.1 x 2.2 x x x 
 
1.9 x x x X x 2.0 1.9 x 2.2 x x x 
 
1.9 x x x X x 2.1 2.2 x 1.8 x x x 
 
1.8 x x x X x 2.3 2.2 x 2.1 x x x 
 
1.6 x x x X x 2.1 2.3 x 2.1 x x x 
 
1.4 x x x X x 1.7 2.0 x 1.6 x x x 
 
1.6 x x x X x 1.8 1.6 x 1.9 x x x 
 
1.4 x x x X x 2.0 1.7 x 3.3 x x x 
 
1.5 x x x X x 2.2 x x x x x x 
 
1.5 x x x X x x x x x x x x 
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Appendix A2.  Experiment 1:  Descriptive statistics for minimum, maximum, mean, standard 
error of the means and standard deviation of diameter (mm) by day and temperature treatment. 
Day Temperature (°C) N Min Max M SEM SD 
3 11.9 10 1.60 2.80 2.35 0.13 0.41 
5 11.9 10 1.60 2.90 2.29 0.13 0.41 
7 11.9 10 2.00 3.50 2.46 0.14 0.45 
14 11.9 10 2.00 3.10 2.54 0.11 0.35 
21 11.9 10 2.10 2.80 2.43 0.08 0.27 
        3 15.4 10 1.40 3.70 2.36 0.18 0.58 
5 15.4 10 2.00 2.70 2.35 0.07 0.21 
7 15.4 10 1.90 3.50 2.53 0.17 0.53 
14 15.4 10 1.30 2.90 2.40 0.15 0.49 
21 15.4 10 2.10 3.40 2.70 0.14 0.43 
        3 18.6 10 1.20 3.20 2.23 0.19 0.59 
5 18.6 10 1.60 2.70 2.35 0.12 0.37 
7 18.6 10 2.20 3.30 2.55 0.11 0.34 
14 18.6 9 1.90 3.00 2.47 0.12 0.37 
21 18.6 10 1.80 3.20 2.51 0.13 0.41 
        1 21.4 10 1.00 3.00 2.24 0.16 0.52 
3 21.4 10 1.40 2.60 2.07 0.13 0.40 
5 21.4 10 1.20 2.50 1.97 0.11 0.36 
7 21.4 10 2.00 3.10 2.57 0.10 0.33 
14 21.4 10 2.30 3.00 2.62 0.07 0.21 
21 21.4 10 2.10 3.00 2.43 0.09 0.29 
        3 31.0 10 1.70 2.70 2.07 0.11 0.36 
5 31.0 10 1.50 2.80 2.06 0.14 0.45 
7 31.0 10 1.70 2.90 2.30 0.11 0.33 
14 31.0 10 1.50 2.90 2.25 0.13 0.41 
21 31.0 6 2.40 3.50 2.82 0.17 0.42 
        3 33.9 10 1.6 2.70 2.2 0.11 0.36 
5 33.9 10 1.8 3.00 2.5 0.11 0.36 
7 33.9 10 1.9 3.00 2.4 0.12 0.38 
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Appendix A3.  Experiment 2:  Descriptive statistics for minimum, maximum, mean, standard 
error of the means and standard deviation of diameter (mm) by day and temperature treatment. 
Day Temperature (°C) N Min Max M SEM SD 
1 23.6 10 1.50 3.00 2.40 0.15 0.46 
3 23.6 10 1.60 2.40 2.14 0.07 0.24 
5 23.6 10 1.40 2.20 1.77 0.08 0.27 
7 23.6 10 1.70 2.70 2.19 0.10 0.33 
        3 28.1 10 1.80 2.60 2.30 0.08 0.24 
5 28.1 10 1.50 2.40 1.84 0.10 0.31 
7 28.1 9 1.50 3.10 2.34 0.17 0.52 
        3 32.4 9 2.00 2.50 2.19 0.06 0.17 
5 32.4 7 1.40 2.60 1.91 0.15 0.40 
7 32.4 5 2.40 3.40 2.72 0.18 0.40 
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Appendix A4.  Experiment 3:  Descriptive statistics for minimum, maximum, mean, standard 
error of the means and standard deviation of diameter (mm) by day and temperature treatment. 
Day Temperature (°C) N Min Max M SEM SD 
1 4.4 10 1.70 3.00 2.28 0.11 0.36 
2 4.4 10 1.80 3.90 2.46 0.20 0.63 
3 4.4 10 1.80 2.80 2.34 0.11 0.35 
5 4.4 10 1.80 3.00 2.33 0.12 0.37 
7 4.4 10 1.50 2.20 1.92 0.09 0.27 
14 4.4 10 1.60 2.60 2.09 0.13 0.42 
21 4.4 10 1.50 2.50 2.10 0.09 0.29 
25 4.4 9 1.10 1.80 1.50 0.07 0.22 
28 4.4 9 1.70 3.00 2.27 0.19 0.56 
31 4.4 12 1.40 2.30 1.73 0.08 0.28 
        
1 24.0 10 1.90 3.40 2.62 0.14 0.43 
2 24.0 10 1.80 2.90 2.35 0.12 0.37 
3 24.0 10 1.40 2.60 2.12 0.11 0.35 
5 24.0 10 1.60 2.50 2.03 0.09 0.30 
7 24.0 10 1.70 2.80 2.23 0.11 0.36 
14 24.0 10 1.50 2.80 2.05 0.13 0.41 
21 24.0 10 1.90 3.10 2.38 0.11 0.36 
25 24.0 10 1.40 3.00 2.04 0.18 0.56 
28 24.0 10 1.80 2.50 2.12 0.08 0.25 
31 24.0 12 1.70 2.30 2.03 0.05 0.17 
        
2 27.3 10 1.90 2.90 2.35 0.09 0.30 
3 27.3 10 1.60 2.80 2.26 0.11 0.36 
5 27.3 10 1.90 2.70 2.20 0.08 0.25 
7 27.3 10 1.80 3.00 2.33 0.12 0.38 
14 27.3 7 1.70 2.60 2.03 0.13 0.34 
21 27.3 10 1.50 3.10 2.13 0.14 0.45 
25 27.3 11 1.40 3.30 2.30 0.14 0.48 
28 27.3 9 1.60 3.20 2.28 0.19 0.57 
31 27.3 9 1.60 2.50 2.12 0.11 0.32 
        
2 29.5 10 1.90 3.50 2.59 0.16 0.50 
3 29.5 20 1.50 3.20 2.37 0.10 0.44 
5 29.5 10 1.70 3.40 2.33 0.14 0.44 
7 29.5 9 1.80 2.60 2.24 0.09 0.27 
14 29.5 8 1.70 2.70 2.23 0.11 0.32 
21 29.5 10 1.70 2.40 1.97 0.06 0.20 
25 29.5 10 1.50 2.50 1.98 0.11 0.35 
28 29.5 9 1.70 2.20 2.00 0.06 0.19 
31 29.5 10 1.60 3.30 2.12 0.14 0.45 
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Appendix B1.  Preliminary Test 1: Archaias angulatus data for diameter (mm), area (mm2), wet 
weight (mg), dry weight (mg) and weight reduction (%).  Axiovision® software was used to 
measure area (mm2).  (Note. p < 0.01, N = 30). 
AA 
Sample 
Diameter 
(mm) 
*Area 
(mm
2
) 
Wet Weight 
(mg) 
Dry Weight 
(mg) 
% Weight 
Reduction 
1 3.4 7.6 3.28 2.27 31 
2 3.1 x 2.05 1.23 40 
3 3.2 4.67 1.72 1.27 27 
4 3.3 x 3.27 1.93 41 
5 3.2 x 2.38 1.65 31 
6 4.1 8.53 4.2 2.62 38 
7 3 x 1.88 1.26 33 
8 3.1 4.87 2.13 1.64 23 
9 3 4.21 2.91 1.41 51 
10 3.1 x 1.73 1.11 36 
11 2 2.15 0.8 0.56 31 
12 1.9 2.28 0.97 0.73 25 
13 2.4 x 1.6 1.13 29 
14 2.3 3.02 1.68 1.22 27 
15 2.6 3.95 1.67 1.34 20 
16 2.6 3.75 1.6 1.18 26 
17 2.7 x 1.25 0.89 29 
18 2.6 x 1.81 1.37 24 
19 1.9 x 0.95 0.67 29 
20 2.2 x 1.22 0.95 22 
21 1.2 1.22 0.62 0.52 16 
22 1.4 1.53 0.83 0.64 23 
23 1.1 0.97 0.34 0.29 14 
24 1.2 1.11 0.38 0.3 20 
25 1.1 0.8 0.34 0.33 3 
26 1.6 x 1 0.26 74 
27 1.3 x 0.76 0.69 9 
28 1.8 x 0.63 0.5 21 
29 1.8 x 0.86 0.47 46 
30 1.8 x 0.78 0.68 12 
Mean 2.33 3.38 1.52 1.04 28 
STD 0.81 2.36 0.95 0.59 14 
Median 2.35 3.02 1.43 1.03 27 
Minimum 1.1 0.8 0.34 0.26 3 
Maximum 4.1 8.53 4.2 2.62 74 
        *Upper surface area calculated where N  =  15. 
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Appendix B2:  Preliminary Test 2:  Archaias angulatus data for maximum diameter (mm), 
minimum diameter (mm), surface area (mm2), wet weight (mg), µg chlorophyll a per foram, µg 
chlorophyll a per mg foram and density (mg/mm2).  Axiovision® photosoftware was used to 
measure area (mm2).  (Note. p < 0.01, N = 30). 
Sample 
Diameter 
max 
(mm
2
) 
Diameter 
min 
(mm
2
) 
*Surface 
Area 
(mm
2
) 
Wet 
Weight 
(mg) µg Chl a/foram µg Chl a/mg foram 
Density 
(mg)/mm
2
 
1 2.33 1.74 3.11 1.26 0.17 0.14 0.41 
2 2.90 2.34 4.84 2.07 0.19 0.09 0.43 
3 3.62 2.43 6.57 2.74 0.31 0.11 0.42 
4 2.26 1.81 2.94 1.25 0.54 0.43 0.43 
5 3.27 2.51 3.11 3.28 0.15 0.05 1.06 
6 2.68 2.06 2.21 2.24 0.45 0.20 1.01 
7 2.27 1.76 1.51 1.30 0.12 0.09 0.86 
8 1.75 1.62 1.03 1.39 0.13 0.09 1.34 
9 1.84 1.62 1.03 1.79 0.35 0.20 1.73 
10 1.99 1.63 x 0.91 0.20 0.22 x 
11 1.39 1.17 1.25 0.67 0.05 0.08 0.54 
12 1.37 1.19 1.27 0.73 0.05 0.07 0.58 
13 1.19 1.03 0.89 0.29 0.05 0.17 0.33 
14 1.53 1.36 1.59 0.80 0.11 0.14 0.51 
15 0.99 0.90 0.70 0.38 0.05 0.13 0.55 
16 1.24 1.07 1.05 0.66 0.06 0.10 0.63 
17 1.73 1.35 1.11 0.71 0.07 0.09 0.64 
18 1.26 1.15 1.11 0.50 0.09 0.17 0.45 
19 1.30 0.14 1.15 0.41 0.03 0.07 0.36 
20 1.08 0.97 0.80 0.44 0.04 0.10 0.54 
21 1.29 1.14 1.11 0.83 0.02 0.02 0.75 
22 0.74 0.60 0.36 0.12 0.03 0.24 0.33 
23 0.95 0.77 0.57 0.30 0.06 0.19 0.53 
24 0.84 0.70 x 0.21 0.02 0.11 x 
25 0.55 0.60 0.25 0.10 0.02 0.19 0.39 
26 0.75 0.66 0.37 0.12 0.01 0.09 0.32 
27 0.60 0.57 0.25 0.19 0.01 0.05 0.75 
28 0.70 0.65 0.36 0.20 0.04 0.18 0.57 
29 0.60 0.56 0.02 0.07 0.01 0.17 3.05 
30 0.65 0.60 0.32 0.10 0.02 0.23 0.32 
Mean 1.52 1.22 1.46 0.87 0.12 0.14 0.71 
STD 0.83 0.62 1.48 0.83 0.13 0.08 0.56 
Median 1.30 1.15 1.08 0.67 0.06 0.12 0.54 
Minimum 0.55 0.14 0.02 0.07 0.01 0.02 0.32 
Maximum 3.62 2.51 6.57 3.28 0.54 0.43 3.05 
*Upper surface area calculated where N  =  28. 
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Appendix B3.  Preliminary Test 1: Archaias angulatus data for diameter (mm), area (mm2), wet 
weight (mg), dry weight (mg) and weight reduction (%).  Axiovision® photosoftware was used 
to measure area (mm2).  (Note. p < 0.01, N = 30). 
Parameter Minimum Maximum Median Mean 
Standard 
Deviation 
Diameter maximum  (mm) 1.1 4.1 2.4 2.3 0.8 
Upper Surface Area (mm
2
)* 0.8 8.53 3.02 3.38 2.36 
Wet Weight (mg) 0.34 4.2 1.43 1.52 0.95 
Dry Weight (mg) 0.26 2.62 1.03 1.04 0.59 
Weight Reduction (%) 0.03 0.74 0.27 0.28 0.14 
 
             *Upper Surface Area calculated with 15 samples. 
 
Appendix B4.  Preliminary Test 2: Archaias angulatus data for maximum diameter (mm), 
minimum diameter (mm), surface area (mm2), wet weight (mg), µg chlorophyll a per foram, µg 
chlorophyll a per mg foram and density (mg/mm2)..  Axiovision® photosoftware was used to 
measure Area (mm2).  (Note. p < 0.01, N = 30). 
Parameter Minimum  Maximum Median  Mean  
Standard 
Deviation 
Diameter maximum (mm) 0.55 3.62 1.3 1.52 0.83 
Diameter Intermediate (mm) 0.14 0.14 0.14 0.14 0.14 
*Upper Surface Area  (mm
2
) 0.02 6.57 1.08 1.46 1.48 
Mass (mg) 0.07 3.28 0.67 0.87 0.83 
Density (mg) 0.32 3.05 0.54 0.71 0.56 
Chlorophyll a Extracted (µg/foram) 0.01 0.54 0.05 0.12 0.13 
 
      *Upper Surface Area calculated with 28 samples. 
 
 
 83 
 
Appendix C1.  Experiment 1:  Mean chlorophyll a (µg) per foram by day and temperature 
treatment. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
3 11.9 Chlorophyll 5 0.12 0.39 0.29 0.05 0.11 
5 11.9 Chlorophyll 5 0.18 0.45 0.29 0.06 0.13 
7 11.9 Chlorophyll 5 0.21 0.39 0.28 0.03 0.07 
14 11.9 Chlorophyll 5 0.01 0.26 0.17 0.04 0.10 
21 11.9 Chlorophyll 5 0.19 0.27 0.24 0.01 0.03 
3 15.4 Chlorophyll 5 0.14 0.44 0.22 0.06 0.13 
5 15.4 Chlorophyll 5 0.15 0.25 0.21 0.02 0.04 
7 15.4 Chlorophyll 5 0.12 0.36 0.20 0.04 0.10 
14 15.4 Chlorophyll 5 0.05 0.33 0.20 0.06 0.13 
21 15.4 Chlorophyll 5 0.04 0.35 0.16 0.06 0.13 
3 18.6 Chlorophyll 4 0.09 0.45 0.21 0.08 0.16 
5 18.6 Chlorophyll 5 0.11 0.42 0.23 0.05 0.12 
7 18.6 Chlorophyll 5 0.16 0.31 0.22 0.03 0.06 
14 18.6 Chlorophyll 4 0.19 0.30 0.23 0.03 0.05 
21 18.6 Chlorophyll 5 0.03 0.14 0.09 0.02 0.04 
1 21.4 Chlorophyll 10 0.03 0.31 0.18 0.02 0.07 
3 21.4 Chlorophyll 5 0.10 0.25 0.17 0.03 0.07 
5 21.4 Chlorophyll 5 0.10 0.20 0.15 0.02 0.04 
7 21.4 Chlorophyll 5 0.11 0.30 0.19 0.03 0.08 
14 21.4 Chlorophyll 5 0.10 0.30 0.17 0.03 0.08 
21 21.4 Chlorophyll 5 0.14 0.26 0.19 0.02 0.05 
3 31.0 Chlorophyll 5 0.11 0.28 0.19 0.03 0.07 
5 31.0 Chlorophyll 6 0.08 0.28 0.17 0.03 0.08 
7 31.0 Chlorophyll 5 0.18 0.32 0.23 0.03 0.06 
14 31.0 Chlorophyll 5 0.03 0.28 0.12 0.04 0.10 
21 31.0 Chlorophyll 3 0.09 0.23 0.17 0.04 0.07 
3 33.9 Chlorophyll 3 0.00 0.12 0.04 0.04 0.07 
5 33.9 Chlorophyll 1 0.02 0.02 0.02 x x 
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Appendix C2.  Experiment 2:  Mean chlorophyll a (µg) per foram by day and temperature 
treatment. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
1 23.6 Chlorophyll 4 0.03 0.25 0.13 0.05 0.09 
3 23.6 Chlorophyll 5 0.10 0.16 0.14 0.01 0.03 
5 23.6 Chlorophyll 5 0.08 0.25 0.17 0.03 0.07 
7 23.6 Chlorophyll 5 0.09 0.30 0.18 0.03 0.08 
         3 28.1 Chlorophyll 5 0.02 0.17 0.12 0.03 0.06 
5 28.1 Chlorophyll 5 0.03 0.25 0.14 0.04 0.08 
7 28.1 Chlorophyll 4 0.07 0.23 0.12 0.04 0.08 
         3 32.4 Chlorophyll 4 0.09 0.22 0.14 0.03 0.06 
5 32.4 Chlorophyll 3 0.08 0.27 0.14 0.06 0.11 
7 32.4 Chlorophyll 2 0.02 0.10 0.06 0.04 0.06 
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Appendix C3.  Experiment 3:  Mean chlorophyll a (µg) per foram by day and temperature 
treatment. 
Day 
Temperature 
(°C) Parameter N Min Max M SEM SD 
1 4.4°C Chlorophyll 5 0.09 0.50 0.19 0.08 0.18 
2 4.4°C Chlorophyll 5 0.18 0.56 0.33 0.07 0.15 
3 4.4°C Chlorophyll 5 0.08 0.27 0.16 0.03 0.08 
5 4.4°C Chlorophyll 5 0.21 0.55 0.32 0.06 0.14 
7 4.4°C Chlorophyll 5 0.02 0.11 0.08 0.02 0..03 
14 4.4°C Chlorophyll 5 x x x x x 
21 4.4°C Chlorophyll 5 0.12 0.45 0.31 0.06 0.12 
25 4.4°C Chlorophyll 5 x x x x x 
28 4.4°C Chlorophyll 5 0.23 0.50 0.38 0.04 0.10 
31 4.4°C Chlorophyll 5 0.16 0.23 0.20 0.01 0.03 
                  
1 24.0°C Chlorophyll 5 0.07 0.84 0.36 0.14 0.32 
2 24.0°C Chlorophyll 5 0.05 0.25 0.16 0.04 0.10 
3 24.0°C Chlorophyll 6 0.06 0.37 0.19 0.06 0.14 
5 24.0°C Chlorophyll 5 0.03 0.12 0.07 0.02 0.04 
7 24.0°C Chlorophyll 5 0.06 0.20 0.10 0.03 0.06 
14 24.0°C Chlorophyll 5 x x x x x 
21 24.0°C Chlorophyll 5 0.15 0.40 0.30 0.04 0.09 
25 24.0°C Chlorophyll 5 x x x x x 
28 24.0°C Chlorophyll 5 0.15 0.32 0.22 0.04 0.08 
31 24.0°C Chlorophyll 5 0.10 0.25 0.17 0.03 0.06 
                  
2 27.3°C Chlorophyll x x x x x x 
3 27.3°C Chlorophyll 5 x x x x x 
5 27.3°C Chlorophyll 5 x x x x x 
7 27.3°C Chlorophyll 5 0.06 0.46 0.25 0.07 0.15 
14 27.3°C Chlorophyll 5 x x x x x 
21 27.3°C Chlorophyll 5 0.11 0.32 0.17 0.04 0.09 
25 27.3°C Chlorophyll 5 x x x x x 
28 27.3°C Chlorophyll 5 0.19 0.51 0.19 0.23 0.51 
31 27.3°C Chlorophyll 5 0.10 0.30 0.10 0.13 0.30 
                  
2 29.5°C Chlorophyll x x x x x x 
3 29.5°C Chlorophyll 5 x x x x x 
5 29.5°C Chlorophyll 5 x x x x x 
7 29.5°C Chlorophyll 5 0.19 0.42 0.27 0.04 0.10 
14 29.5°C Chlorophyll 5 x x x x x 
21 29.5°C Chlorophyll 5 0.14 0.25 0.20 0.02 0.04 
25 29.5°C Chlorophyll 5 x x x x x 
28 29.5°C Chlorophyll 5 0.07 0.34 0.07 0.15 0.34 
31 29.5°C Chlorophyll 5 0.20 0.29 0.20 0.13 0.29 
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Appendix D1.  Experiment 1, 2 and 3:  Holobiont yield means by day and temperature (Days 1 -
21). 
Temperature 
(°C) Day 1 Day 2 Day 3 Day 5 Day 7 Day 14 Day 21 Mean SD SEM 
4.4(3) 0.72 0.72 0.68 0.70 0.68 0.55 0.62 0.67 0.06 0.02 
11.9(1) x x 0.73 0.71 0.71 0.65 0.56 0.67 0.07 0.03 
15.4(1) x x 0.76 0.75 0.74 0.71 0.71 0.73 0.02 0.01 
18.6(1) x x 0.72 0.73 0.73 0.66 0.69 0.71 0.03 0.01 
21.4(1) 0.67 x 0.71 0.73 0.75 0.73 0.74 0.72 0.03 0.01 
23.6(2) 0.75 x 0.69 0.72 0.74 x x 0.73 0.03 0.01 
24.0(3) 0.72 0.69 0.69 0.67 0.70 0.57 0.63 0.67 0.05 0.02 
27.3(3) x 0.70 0.69 0.66 0.65 0.48 0.65 0.64 0.08 0.03 
28.1(2) x x 0.71 0.65 0.45 x x 0.60 0.14 0.08 
29.5(3) x 0.71 0.69 0.59 0.64 0.55 0.59 0.63 0.06 0.03 
31.0(1) x x 0.76 0.74 0.76 0.72 0.57 0.71 0.04 0.02 
32.4(2) x x 0.56 0.36 0.22 x x 0.38 0.17 0.10 
33.9(1) x x 0.10 0.08 0.02 x x 0.07 0.04 0.02 
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Appendix D2.  Experiment 1:  Descriptive statistics for holobiont yields. 
Day 
Temperature 
(°C) Parameter N Min Max M SEM SD 
3 11.9 Holobiont Yield 10 0.66 0.77 0.73 0.01 0.03 
5 11.9 Holobiont Yield 10 0.58 0.76 0.71 0.02 0.05 
7 11.9 Holobiont Yield 10 0.63 0.75 0.71 0.01 0.04 
14 11.9 Holobiont Yield 10 0.50 0.71 0.65 0.02 0.06 
21 11.9 Holobiont Yield 10 0.40 0.71 0.56 0.04 0.11 
         3 15.4 Holobiont Yield 10 0.74 0.78 0.76 0.00 0.01 
5 15.4 Holobiont Yield 10 0.72 0.78 0.75 0.01 0.02 
7 15.4 Holobiont Yield 10 0.70 0.77 0.74 0.01 0.02 
14 15.4 Holobiont Yield 10 0.65 0.73 0.71 0.01 0.03 
21 15.4 Holobiont Yield 10 0.67 0.75 0.71 0.01 0.03 
         3 18.6 Holobiont Yield 10 0.61 0.77 0.72 0.02 0.06 
5 18.6 Holobiont Yield 10 0.69 0.76 0.73 0.01 0.02 
7 18.6 Holobiont Yield 10 0.69 0.76 0.73 0.01 0.03 
14 18.6 Holobiont Yield 9 0.30 0.76 0.66 0.05 0.14 
21 18.6 Holobiont Yield 10 0.55 0.75 0.69 0.02 0.06 
         1 21.4 Holobiont Yield 10 0.63 0.73 0.67 0.01 0.03 
3 21.4 Holobiont Yield 10 0.61 0.76 0.71 0.01 0.04 
5 21.4 Holobiont Yield 10 0.68 0.76 0.73 0.01 0.02 
7 21.4 Holobiont Yield 10 0.73 0.77 0.75 0.00 0.01 
14 21.4 Holobiont Yield 10 0.50 0.77 0.73 0.03 0.08 
21 21.4 Holobiont Yield 10 0.68 0.78 0.74 0.01 0.03 
         3 31.0 Holobiont Yield 10 0.74 0.78 0.76 0.00 0.01 
5 31.0 Holobiont Yield 10 0.68 0.79 0.74 0.01 0.03 
7 31.0 Holobiont Yield 10 0.71 0.79 0.76 0.01 0.03 
14 31.0 Holobiont Yield 10 0.67 0.76 0.72 0.01 0.03 
21 31.0 Holobiont Yield 6 0.39 0.73 0.57 0.06 0.15 
         3 33.9 Holobiont Yield 0 X x X x X 
5 33.9 Holobiont Yield 0 x X x X x 
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Appendix D3.  Experiment 2:  Descriptive statistics for holobiont yields. 
Day 
Temperature 
(°C) Parameter N Min Max M SEM SD 
1 23.6 Holobiont Yield 10 0.71 0.77 0.75 0.01 0.02 
3 23.6 Holobiont Yield 10 0.40 0.75 0.69 0.03 0.10 
5 23.6 Holobiont Yield 10 0.66 0.74 0.72 0.01 0.03 
7 23.6 Holobiont Yield 10 0.71 0.76 0.74 0.00 0.02 
         3 28.1 Holobiont Yield 10 0.59 0.75 0.71 0.02 0.05 
5 28.1 Holobiont Yield 10 0.44 0.73 0.65 0.03 0.09 
7 28.1 Holobiont Yield 9 0.12 0.71 0.45 0.08 0.23 
         3 32.4 Holobiont Yield 9 0.32 0.72 0.56 0.05 0.14 
5 32.4 Holobiont Yield 7 0.15 0.52 0.36 0.05 0.14 
7 32.4 Holobiont Yield 5 0.11 0.48 0.22 0.07 0.15 
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    Appendix D4.  Experiment 3:  Descriptive statistics for holobiont yields. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
1 4.4 Holobiont Yield 10 0.690 0.750 0.720 0.010 0.020 
2 4.4 Holobiont Yield 10 0.660 0.750 0.720 0.010 0.030 
3 4.4 Holobiont Yield 10 0.640 0.730 0.680 0.010 0.030 
5 4.4 Holobiont Yield 10 0.610 0.760 0.700 0.010 0.040 
7 4.4 Holobiont Yield 10 0.630 0.710 0.680 0.010 0.020 
14 4.4 Holobiont Yield 10 0.390 0.690 0.550 0.030 0.100 
21 4.4 Holobiont Yield 10 0.560 0.680 0.620 0.010 0.040 
25 4.4 Holobiont Yield 9 0.260 0.650 0.540 0.040 0.110 
28 4.4 Holobiont Yield 8 0.360 0.680 0.510 0.040 0.110 
31 4.4 Holobiont Yield 10 0.300 0.670 0.530 0.040 0.130 
         
1 24.0 Holobiont Yield 10 0.670 0.750 0.720 0.010 0.020 
2 24.0 Holobiont Yield 10 0.660 0.740 0.690 0.010 0.020 
3 24.0 Holobiont Yield 10 0.640 0.720 0.690 0.010 0.030 
5 24.0 Holobiont Yield 10 0.490 0.750 0.670 0.020 0.070 
7 24.0 Holobiont Yield 10 0.650 0.740 0.700 0.010 0.030 
14 24.0 Holobiont Yield 10 0.440 0.710 0.570 0.030 0.080 
21 24.0 Holobiont Yield 10 0.290 0.730 0.630 0.050 0.140 
25 24.0 Holobiont Yield 10 0.500 0.720 0.580 0.020 0.080 
28 24.0 Holobiont Yield 10 0.340 0.750 0.630 0.040 0.120 
31 24.0 Holobiont Yield 12 0.560 0.720 0.660 0.020 0.060 
         
2 27.3 Holobiont Yield 10 0.550 0.740 0.700 0.020 0.060 
3 27.3 Holobiont Yield 10 0.550 0.780 0.690 0.020 0.070 
5 27.3 Holobiont Yield 10 0.530 0.720 0.660 0.020 0.050 
7 27.3 Holobiont Yield 10 0.340 0.730 0.650 0.040 0.110 
14 27.3 Holobiont Yield 5 0.280 0.590 0.480 0.060 0.140 
21 27.3 Holobiont Yield 9 0.590 0.710 0.650 0.010 0.040 
25 27.3 Holobiont Yield 7 0.520 0.700 0.630 0.020 0.070 
28 27.3 Holobiont Yield 8 0.230 0.720 0.640 0.060 0.170 
31 27.3 Holobiont Yield 8 0.670 0.730 0.700 0.010 0.020 
         
2 29.5 Holobiont Yield 10 0.660 0.750 0.710 0.010 0.030 
3 29.5 Holobiont Yield 20 0.610 0.760 0.690 0.010 0.040 
5 29.5 Holobiont Yield 10 0.290 0.710 0.590 0.040 0.120 
7 29.5 Holobiont Yield 9 0.510 0.730 0.640 0.020 0.060 
14 29.5 Holobiont Yield 7 0.360 0.680 0.550 0.050 0.130 
21 29.5 Holobiont Yield 9 0.550 0.650 0.590 0.010 0.030 
25 29.5 Holobiont Yield 8 0.630 0.720 0.670 0.010 0.030 
28 29.5 Holobiont Yield 9 0.670 0.730 0.700 0.010 0.020 
31 29.5 Holobiont Yield 9 0.600 0.740 0.700 0.020 0.050 
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Appendix E1.  Experiment1, 2 and 3:  Symbiont yield means, standard deviation and standard 
error of the means by day and temperature including recovery period (x = no reading). 
Temperature 
(°C) 
Day 
1 
Day 
2 
Day 
3 
Day 
5 
Day 
7 
Day 
14 
Day 
21 
Day 
28 
Day 
31 Mean STD SE 
4.4(3) 0.56 0.55 0.53 0.57 0.46 0.33 0.55 0.44 0.47 0.50 0.08 0.03 
11.9(1) x x 0.61 0.60 0.57 0.50 0.40 x x 0.54 0.08 0.03 
15.4(1) x x 0.69 0.67 0.67 0.62 0.61 x x 0.63 0.06 0.02 
18.6(1) x x 0.64 0.68 0.66 0.57 0.60 x x 0.61 0.06 0.02 
21.4(1) 0.53 x 0.46 0.69 0.69 0.66 0.63 x x 0.61 0.09 0.04 
23.6(2) 0.62 x 0.50 0.58 0.59 x x x x 0.57 0.05 0.02 
24.0(3) 0.53 0.54 0.56 0.59 0.62 0.51 0.56 0.60 0.61 0.57 0.04 0.01 
27.3(3) x 0.56 0.60 0.58 0.61 0.42 0.62 0.56 0.63 0.57 0.07 0.02 
28.1(2) x x 0.57 0.55 0.40 x x x x 0.54 0.09 0.05 
29.5(3) x 0.57 0.57 0.51 0.58 0.49 0.55 0.57 0.66 0.56 0.05 0.02 
31.0(1) x x 0.58 0.69 0.69 0.62 0.43 x x 0.59 0.10 0.04 
32.4(2) x x 0.45 0.31 0.19 x x x x 0.39 0.19 0.09 
33.9(1) x x 0.12 0.27 x x x x x 0.31 0.21 0.12 
 
 
Appendix E2.  Experiment1, 2 and 3:  Symbiont yield means, standard deviation and standard 
error of the means by day and temperature (x = no reading). 
Temperature 
(°C) Day 1 Day 2 Day 3 Day 5 Day 7 Day 14 Day 21 Mean STD SE 
4.4(3) 0.56 0.55 0.53 0.57 0.46 0.33 0.55 0.51 0.09 0.03 
11.9(1) x x 0.61 0.60 0.57 0.50 0.40 0.54 0.08 0.03 
15.4(1) x x 0.69 0.67 0.67 0.62 0.61 0.63 0.06 0.02 
18.6(1) x x 0.64 0.68 0.66 0.57 0.60 0.61 0.06 0.02 
21.4(1) 0.53 x 0.46 0.69 0.69 0.66 0.63 0.61 0.09 0.04 
23.6(2) 0.62 x 0.50 0.58 0.59 x x 0.57 0.05 0.02 
24.0(3) 0.53 0.54 0.56 0.59 0.62 0.51 0.56 0.56 0.04 0.01 
27.3(3) x 0.56 0.60 0.58 0.61 0.42 0.62 0.57 0.07 0.03 
28.1(2) x x 0.57 0.55 0.40 x x 0.54 0.09 0.05 
29.5(3) x 0.57 0.57 0.51 0.58 0.49 0.55 .055 0.04 0.02 
31.0(1) x x 0.58 0.69 0.69 0.62 0.43 0.59 0.10 0.04 
32.4(2) x x 0.45 0.31 0.19 x x 0.39 0.19 0.09 
33.9(1) x x 0.12 0.27 x x x 0.31 0.21 0.12 
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Appendix E3.  Experiment 1:  Descriptive statistics for symbiont yields. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
3 11.9 Symbiont Yield 10 0.47 0.68 0.60 0.02 0.07 
5 11.9 Symbiont Yield 10 0.55 0.67 0.60 0.01 0.04 
7 11.9 Symbiont Yield 10 0.32 0.69 0.57 0.03 0.10 
14 11.9 Symbiont Yield 10 0.28 0.63 0.50 0.03 0.10 
21 11.9 Symbiont Yield 10 0.22 0.55 0.40 0.04 0.11 
         3 15.4 Symbiont Yield 10 0.65 0.75 0.69 0.01 0.03 
5 15.4 Symbiont Yield 10 0.60 0.73 0.67 0.02 0.05 
7 15.4 Symbiont Yield 10 0.61 0.69 0.67 0.01 0.02 
14 15.4 Symbiont Yield 10 0.43 0.68 0.62 0.02 0.07 
21 15.4 Symbiont Yield 10 0.50 0.67 0.61 0.02 0.06 
         3 18.6 Symbiont Yield 10 0.56 0.70 0.63 0.02 0.05 
5 18.6 Symbiont Yield 10 0.56 0.73 0.68 0.01 0.05 
7 18.6 Symbiont Yield 9 0.58 0.72 0.66 0.01 0.04 
14 18.6 Symbiont Yield 9 0.24 0.70 0.57 0.05 0.14 
21 18.6 Symbiont Yield 10 0.46 0.69 0.60 0.02 0.07 
         1 21.4 Symbiont Yield 10 0.36 0.69 0.53 0.03 0.10 
3 21.4 Symbiont Yield 10 0.32 0.58 0.46 0.03 0.08 
5 21.4 Symbiont Yield 10 0.64 0.74 0.69 0.01 0.03 
7 21.4 Symbiont Yield 10 0.63 0.73 0.69 0.01 0.03 
14 21.4 Symbiont Yield 10 0.46 0.72 0.66 0.03 0.08 
21 21.4 Symbiont Yield 10 0.47 0.66 0.62 0.02 0.06 
         3 31.0 Symbiont Yield 10 0.36 0.72 0.58 0.04 0.11 
5 31.0 Symbiont Yield 10 0.58 0.74 0.69 0.02 0.05 
7 31.0 Symbiont Yield 10 0.62 0.73 0.69 0.01 0.03 
14 31.0 Symbiont Yield 10 0.53 0.69 0.62 0.02 0.05 
21 31.0 Symbiont Yield 7 0.14 0.65 0.43 0.07 0.19 
         3 33.9 Symbiont Yield 3 0.12 0.13 0.12 0.00 0.01 
5 33.9 Symbiont Yield 1 0.27 0.27 0.27 x x 
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Appendix E4.  Experiment 2:  Descriptive statistics for symbiont yields. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
1 23.6 Symbiont Yield 10 0.41 0.72 0.62 0.03 0.10 
3 23.6 Symbiont Yield 10 0.26 0.63 0.50 0.04 0.12 
5 23.6 Symbiont Yield 10 0.53 0.64 0.58 0.01 0.04 
7 23.6 Symbiont Yield 10 0.54 0.68 0.59 0.02 0.05 
         3 28.1 Symbiont Yield 10 0.48 0.67 0.57 0.02 0.06 
5 28.1 Symbiont Yield 10 0.38 0.64 0.55 0.03 0.08 
7 28.1 Symbiont Yield 8 0.14 0.63 0.40 0.06 0.18 
         3 32.4 Symbiont Yield 9 0.24 0.65 0.45 0.04 0.11 
5 32.4 Symbiont Yield 7 0.16 0.48 0.31 0.05 0.12 
7 32.4 Symbiont Yield 5 0.14 0.32 0.19 0.03 0.07 
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Appendix E5.  Experiment 3:  Descriptive statistics for symbiont yields. 
Day Temperature (°C) Parameter N Min Max M SEM SD 
1 4.4 Symbiont Yield 10 0.45 0.69 0.56 0.03 0.09 
2 4.4 Symbiont Yield 10 0.39 0.66 0.55 0.03 0.08 
3 4.4 Symbiont Yield 10 0.45 0.6 0.53 0.02 0.05 
5 4.4 Symbiont Yield 10 0.51 0.64 0.57 0.01 0.04 
7 4.4 Symbiont Yield 10 0.33 0.53 0.46 0.02 0.07 
14 4.4 Symbiont Yield 10 0.23 0.44 0.33 0.02 0.07 
21 4.4 Symbiont Yield 10 0.46 0.61 0.55 0.02 0.05 
25 4.4 Symbiont Yield 0 
     28 4.4 Symbiont Yield 8 0.23 0.55 0.44 0.04 0.12 
31 4.4 Symbiont Yield 10 0.3 0.62 0.47 0.03 0.11 
         1 24.0 Symbiont Yield 10 0.33 0.63 0.53 0.03 0.09 
2 24.0 Symbiont Yield 10 0.39 0.62 0.54 0.02 0.07 
3 24.0 Symbiont Yield 10 0.47 0.63 0.56 0.02 0.06 
5 24.0 Symbiont Yield 10 0.4 0.67 0.59 0.02 0.08 
7 24.0 Symbiont Yield 10 0.57 0.72 0.62 0.01 0.05 
14 24.0 Symbiont Yield 10 0.4 0.65 0.51 0.03 0.08 
21 24.0 Symbiont Yield 10 0.24 0.7 0.56 0.05 0.17 
25 24.0 Symbiont Yield 0 
     28 24.0 Symbiont Yield 9 0.51 0.66 0.6 0.02 0.05 
31 24.0 Symbiont Yield 12 0.43 0.7 0.61 0.02 0.07 
         2 27.3 Symbiont Yield 10 0.43 0.69 0.56 0.02 0.08 
3 27.3 Symbiont Yield 10 0.47 0.69 0.6 0.03 0.08 
5 27.3 Symbiont Yield 10 0.43 0.66 0.58 0.02 0.07 
7 27.3 Symbiont Yield 10 0.35 0.7 0.61 0.03 0.1 
14 27.3 Symbiont Yield 5 0.25 0.56 0.42 0.05 0.12 
21 27.3 Symbiont Yield 9 0.52 0.7 0.62 0.02 0.06 
25 27.3 Symbiont Yield 0 
     28 27.3 Symbiont Yield 8 0.14 0.67 0.56 0.06 0.17 
31 27.3 Symbiont Yield 4 0.55 0.68 0.63 0.03 0.06 
         2 29.5 Symbiont Yield 10 0.51 0.65 0.57 0.02 0.05 
3 29.5 Symbiont Yield 10 0.38 0.67 0.57 0.03 0.09 
5 29.5 Symbiont Yield 10 0.31 0.64 0.51 0.03 0.1 
7 29.5 Symbiont Yield 9 0.41 0.67 0.58 0.03 0.08 
14 29.5 Symbiont Yield 7 0.28 0.62 0.49 0.05 0.12 
21 29.5 Symbiont Yield 9 0.49 0.6 0.55 0.01 0.04 
25 29.5 Symbiont Yield 0 
     28 29.5 Symbiont Yield 9 0.52 0.62 0.57 0.01 0.03 
31 29.5 Symbiont Yield 9 0.53 0.71 0.66 0.02 0.05 
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Appendix F1.  Experiment 1 and 2:  Descriptive statistics for diameter (mm), chlorophyll a (µg), 
and holobiont and symbiont Fo, Fm, and Yields. 
Days 
Temperature 
(°C) Parameter N Min Max M SEM SD 
         1 21.4 Diameter (mm) 10 1.0 3.0 2.2 0.16 0.52 
 
21.4 Holobiont FO 10 256 498 351 28.59 90.41 
 
21.4 Holobiont FM 10 777 1461 1061 71.71 226.76 
 
21.4 Holobiont Yield 10 0.63 0.73 0.67 0.01 0.03 
 
21.4 Symbiont FO 10 165 383 296 19.55 61.83 
 
21.4 Symbiont FM 10 292 856 658 52.86 167.16 
 
21.4 Symbiont Yield 10 0.36 0.69 0.53 0.03 0.10 
 
21.4 Chlorophyll 10 0.03 0.31 0.18 0.02 0.07 
  
  
     
 
23.6 Diameter (mm) 10 1.5 3.0 2.4 0.15 0.46 
 
23.6 Holobiont FO 10 252 377 323 15.14 47.89 
 
23.6 Holobiont FM 10 912 1568 1298 76.33 241.37 
 
23.6 Holobiont Yield 10 0.71 0.77 0.75 0.01 0.02 
 
23.6 Symbiont FO 10 254 422 343 18.49 58.48 
 
23.6 Symbiont FM 10 660 1131 915 50.95 161.11 
 
23.6 Symbiont Yield 10 0.41 0.72 0.62 0.03 0.10 
 
23.6 Chlorophyll 4 0.03 0.25 0.13 0.05 0.09 
  
  
     3 11.9 Diameter (mm) 10 1.6 2.8 2.4 0.13 0.41 
 
11.9 Holobiont FO 10 250 435 340 18.03 57.03 
 
11.9 Holobiont FM 10 840 1700 1264 86.21 272.61 
 
11.9 Holobiont Yield 10 0.66 0.77 0.73 0.01 0.03 
 
11.9 Symbiont FO 10 170 451 352 27.25 86.17 
 
11.9 Symbiont FM 10 356 1293 918 83.57 264.27 
 
11.9 Symbiont Yield 10 0.47 0.68 0.60 0.02 0.07 
 
11.9 Chlorophyll 5 0.12 0.39 0.29 0.05 0.11 
  
  
     
 
15.4 Diameter (mm) 10 1.4 3.7 2.4 0.18 0.58 
 
15.4 Holobiont FO 10 252 429 320 17.95 56.77 
 
15.4 Holobiont FM 10 1015 1912 1366 86.58 273.80 
 
15.4 Holobiont Yield 10 0.74 0.78 0.76 0.00 0.01 
 
15.4 Symbiont FO 10 262 484 338 23.07 72.95 
 
15.4 Symbiont FM 10 788 1412 1085 70.99 224.50 
 
15.4 Symbiont Yield 10 0.65 0.75 0.69 0.01 0.03 
 
15.4 Chlorophyll 5 0.14 0.44 0.22 0.06 0.13 
  
  
     
 
18.6 Diameter (mm) 10 1.2 3.2 2.2 0.19 0.59 
 
18.6 Holobiont FO 10 209 443 333 23.80 75.26 
 
18.6 Holobiont FM 10 38 1786 1168 163.85 518.14 
 
18.6 Holobiont Yield 10 0.61 0.77 0.72 0.02 0.06 
 
18.6 Symbiont FO 10 128 445 331 30.73 97.17 
 
18.6 Symbiont FM 10 326 1407 921 90.38 285.80 
 
18.6 Symbiont Yield 10 0.56 0.70 0.63 0.02 0.05 
 
18.6 Chlorophyll 4 0.09 0.45 0.21 0.08 0.16 
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21.4 Diameter (mm) 10 1.4 2.6 2.1 0.13 0.40 
 
21.4 Holobiont FO 10 258 460 328 25.21 79.72 
 
21.4 Holobiont FM 10 797 1738 1172 121.89 385.45 
 
21.4 Holobiont Yield 10 0.61 0.76 0.71 0.01 0.04 
 
21.4 Symbiont FO 10 251 432 334 21.96 69.43 
 
21.4 Symbiont FM 10 382 829 633 46.96 148.51 
 
21.4 Symbiont Yield 10 0.32 0.58 0.46 0.03 0.08 
 
21.4 Chlorophyll 5 0.10 0.25 0.17 0.03 0.07 
        
 
23.6 Diameter (mm) 10 1.6 2.4 2.1 0.07 0.24 
 
23.6 Holobiont FO 10 253 614 358 34.25 108.32 
 
23.6 Holobiont FM 10 863 1386 1148 53.08 167.84 
 
23.6 Holobiont Yield 10 0.4 0.75 0.69 0.03 0.10 
 
23.6 Symbiont FO 10 260 421 325 14.85 46.96 
 
23.6 Symbiont FM 10 351 1092 690 61.32 193.91 
 
23.6 Symbiont Yield 10 0.26 0.63 0.5 0.04 0.12 
 
23.6 Chlorophyll 5 0.1 0.16 0.14 0.01 0.03 
  
  
     
 
28.1 Diameter (mm) 10 1.8 2.6 2.3 0.08 0.24 
 
28.1 Holobiont FO 10 61 414 307 32.80 103.73 
 
28.1 Holobiont FM 10 148 1518 1106 129.13 408.36 
 
28.1 Holobiont Yield 10 0.59 0.75 0.71 0.02 0.05 
 
28.1 Symbiont FO 10 77 409 309 28.36 89.68 
 
28.1 Symbiont FM 10 157 887 739 66.93 211.64 
 
28.1 Symbiont Yield 10 0.48 0.67 0.57 0.02 0.06 
 
28.1 Chlorophyll 5 0.02 0.17 0.12 0.03 0.06 
  
  
     
 
31.0 Diameter (mm) 10 1.7 2.7 2.1 0.11 0.36 
 
31.0 Holobiont FO 10 247 461 340 26.02 82.29 
 
31.0 Holobiont FM 10 962 2028 1434 124.42 393.46 
 
31.0 Holobiont Yield 10 0.74 0.78 0.76 0.00 0.01 
 
31.0 Symbiont FO 10 30 497 363 44.03 139.24 
 
31.0 Symbiont FM 10 525 1480 999 91.65 289.81 
 
31.0 Symbiont Yield 10 0.36 0.72 0.58 0.04 0.11 
 
31.0 Chlorophyll 5 0.11 0.28 0.19 0.03 0.07 
  
  
     
 
32.4 Diameter (mm) 9 2.0 2.5 2.2 0.06 0.17 
 
32.4 Holobiont FO 9 258 403 309 15.00 45.00 
 
32.4 Holobiont FM 9 433 1442 773 104.84 314.52 
 
32.4 Holobiont Yield 9 0.32 0.72 0.56 0.05 0.14 
 
32.4 Symbiont FO 9 249 422 328 19.57 58.71 
 
32.4 Symbiont FM 9 395 868 614 52.49 157.47 
 
32.4 Symbiont Yield 9 0.24 0.65 0.45 0.04 0.11 
 
32.4 Chlorophyll 4 0.09 0.22 0.14 0.03 0.06 
         
 
33.9 Diameter (mm) 0 x x x x x 
 
33.9 Holobiont FO 0 x x x x x 
 
33.9 Holobiont FM 0 x x x x x 
 
33.9 Holobiont Yield 0 x x x x x 
 
33.9 Symbiont FO 3 262 428 318 55.00 95.27 
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33.9 Symbiont FM 3 297 484 361 61.52 106.55 
 
33.9 Symbiont Yield 3 0.12 0.13 0.12 0.00 0.01 
 
33.9 Chlorophyll 3 0 0.12 0.04 0.04 0.07 
  
  
     5 11.9 Diameter (mm) 10 1.6 2.9 2.3 0.13 0.41 
 
11.9 Holobiont FO 10 257 432 308 16.46 52.05 
 
11.9 Holobiont FM 10 731 1646 1104 82.32 260.31 
 
11.9 Holobiont Yield 10 0.58 0.76 0.71 0.02 0.05 
 
11.9 Symbiont FO 10 279 419 335 13.48 42.63 
 
11.9 Symbiont FM 10 676 1073 849 45.14 142.73 
 
11.9 Symbiont Yield 10 0.55 0.67 0.6 0.01 0.04 
 
11.9 Chlorophyll 5 0.18 0.45 0.29 0.06 0.13 
  
  
     
 
15.4 Diameter (mm) 10 2.0 2.7 2.4 0.07 0.21 
 
15.4 Holobiont FO 10 261 436 311 20.19 63.86 
 
15.4 Holobiont FM 10 1021 1637 1237 67.04 211.99 
 
15.4 Holobiont Yield 10 0.72 0.78 0.75 0.01 0.02 
 
15.4 Symbiont FO 10 264 410 344 18.56 58.68 
 
15.4 Symbiont FM 10 694 1314 1056 73.71 233.10 
 
15.4 Symbiont Yield 10 0.6 0.73 0.67 0.02 0.05 
 
15.4 Chlorophyll 5 0.15 0.25 0.21 0.02 0.04 
  
  
     
 
18.6 Diameter (mm) 10 1.6 2.7 2.4 0.12 0.37 
 
18.6 Holobiont FO 10 261 376 329 15.01 47.45 
 
18.6 Holobiont FM 10 1012 1527 1279 56.44 178.49 
 
18.6 Holobiont Yield 10 0.69 0.76 0.73 0.01 0.02 
 
18.6 Symbiont FO 10 268 449 342 19.94 63.07 
 
18.6 Symbiont FM 10 900 1267 1050 32.81 103.75 
 
18.6 Symbiont Yield 10 0.56 0.73 0.68 0.01 0.05 
 
18.6 Chlorophyll 5 0.11 0.42 0.23 0.05 0.12 
  
  
     
 
21.4 Diameter (mm) 10 1.2 2.5 2.0 0.11 0.36 
 
21.4 Holobiont FO 10 164 326 273 14.13 44.67 
 
21.4 Holobiont FM 10 594 1255 1036 62.78 198.52 
 
21.4 Holobiont Yield 10 0.68 0.76 0.73 0.01 0.02 
 
21.4 Symbiont FO 10 93 425 293 35.75 113.04 
 
21.4 Symbiont FM 10 259 1394 953 117.96 373.02 
 
21.4 Symbiont Yield 10 0.64 0.74 0.69 0.01 0.03 
 
21.4 Chlorophyll 5 0.1 0.2 0.15 0.02 0.04 
  
  
     
 
23.6 Diameter (mm) 10 1.4 2.2 1.8 0.08 0.27 
 
23.6 Holobiont FO 10 261 441 349 17.86 56.46 
 
23.6 Holobiont FM 10 901 1521 1232 62.82 198.66 
 
23.6 Holobiont Yield 10 0.66 0.74 0.72 0.01 0.03 
 
23.6 Symbiont FO 10 277 416 335 18.56 58.69 
 
23.6 Symbiont FM 10 589 1088 797 51.40 162.55 
 
23.6 Symbiont Yield 10 0.53 0.64 0.58 0.01 0.04 
 
23.6 Chlorophyll 5 0.08 0.25 0.17 0.03 0.07 
  
  
     
 
28.1 Diameter (mm) 10 1.5 2.4 1.8 0.10 0.31 
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28.1 Holobiont FO 10 288 412 362 14.54 45.98 
 
28.1 Holobiont FM 10 700 1511 1075 73.67 232.98 
 
28.1 Holobiont Yield 10 0.44 0.73 0.65 0.03 0.09 
 
28.1 Symbiont FO 10 258 432 335 20.98 66.35 
 
28.1 Symbiont FM 10 561 1119 752 52.23 165.15 
 
28.1 Symbiont Yield 10 0.38 0.64 0.55 0.03 0.08 
 
28.1 Chlorophyll 5 0.03 0.25 0.14 0.04 0.08 
  
  
     
 
31.0 Diameter (mm) 10 1.5 2.8 2.1 0.14 0.45 
 
31.0 Holobiont FO 10 251 452 331 20.03 63.35 
 
31.0 Holobiont FM 10 894 1818 1327 106.17 335.74 
 
31.0 Holobiont Yield 10 0.68 0.79 0.74 0.01 0.03 
 
31.0 Symbiont FO 10 254 428 336 19.36 61.23 
 
31.0 Symbiont FM 10 747 1518 1086 74.91 236.89 
 
31.0 Symbiont Yield 10 0.58 0.74 0.69 0.02 0.05 
 
31.0 Chlorophyll 6 0.08 0.28 0.17 0.03 0.08 
  
   
    
 
32.4 Diameter (mm) 7 1.4 2.6 1.9 0.15 0.40 
 
32.4 Holobiont FO 7 108 368 276 32.88 86.98 
 
32.4 Holobiont FM 7 127 741 463 75.24 199.06 
 
32.4 Holobiont Yield 7 0.15 0.52 0.36 0.05 0.14 
 
32.4 Symbiont FO 7 76 432 311 46.47 122.96 
 
32.4 Symbiont FM 7 90 795 474 80.88 214.00 
 
32.4 Symbiont Yield 7 0.16 0.48 0.31 0.05 0.12 
 
32.4 Chlorophyll 3 0.08 0.27 0.14 0.06 0.11 
  
   
    
 
33.9 Diameter (mm) 0 x x x x x 
 
33.9 Holobiont FO 0 x x x x x 
 
33.9 Holobiont FM 0 x x x x x 
 
33.9 Holobiont Yield 0 x x x x x 
 
33.9 Symbiont FO 1 250 250 250 x x 
 
33.9 Symbiont FM 1 341 341 341 x x 
 
33.9 Symbiont Yield 1 0.27 0.27 0.27 x x 
 
33.9 Chlorophyll 1 0.02 0.02 0.02 x x 
  
  
     7 11.9 Diameter (mm) 10 2.0 3.5 2.5 0.14 0.45 
 
11.9 Holobiont FO 10 281 437 344 16.34 51.68 
 
11.9 Holobiont FM 10 877 1724 1228 87.73 277.44 
 
11.9 Holobiont Yield 10 0.63 0.75 0.71 0.01 0.04 
 
11.9 Symbiont FO 10 261 434 366 20.28 64.14 
 
11.9 Symbiont FM 10 600 1153 887 54.45 172.20 
 
11.9 Symbiont Yield 10 0.32 0.69 0.57 0.03 0.10 
 
11.9 Chlorophyll 5 0.21 0.39 0.28 0.03 0.07 
  
  
     
 
15.4 Diameter (mm) 10 1.9 3.5 2.5 0.17 0.53 
 
15.4 Holobiont FO 10 249 429 325 18.59 58.78 
 
15.4 Holobiont FM 10 836 1785 1290 97.49 308.29 
 
15.4 Holobiont Yield 10 0.7 0.77 0.74 0.01 0.02 
 
15.4 Symbiont FO 10 248 391 312 13.78 43.59 
 
15.4 Symbiont FM 10 702 1079 934 37.91 119.87 
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15.4 Symbiont Yield 10 0.61 0.69 0.67 0.01 0.02 
 
15.4 Chlorophyll 5 0.12 0.36 0.2 0.04 0.10 
  
  
     
 
18.6 Diameter (mm) 10 2.2 3.3 2.6 0.11 0.34 
 
18.6 Holobiont FO 10 263 399 337 14.99 47.41 
 
18.6 Holobiont FM 10 943 1598 1259 73.78 233.33 
 
18.6 Holobiont Yield 10 0.69 0.76 0.73 0.01 0.03 
 
18.6 Symbiont FO 9 266 452 341 21.43 64.28 
 
18.6 Symbiont FM 9 724 1327 1018 65.42 196.26 
 
18.6 Symbiont Yield 9 0.58 0.72 0.66 0.01 0.04 
 
18.6 Chlorophyll 5 0.16 0.31 0.22 0.03 0.06 
  
  
     
 
21.4 Diameter (mm) 10 2.0 3.1 2.6 0.10 0.33 
 
21.4 Holobiont FO 10 256 417 321 17.77 56.20 
 
21.4 Holobiont FM 10 1061 1670 1289 68.63 217.03 
 
21.4 Holobiont Yield 10 0.73 0.77 0.75 0.00 0.01 
 
21.4 Symbiont FO 10 268 395 306 14.93 47.21 
 
21.4 Symbiont FM 10 736 1317 985 53.07 167.82 
 
21.4 Symbiont Yield 10 0.63 0.73 0.69 0.01 0.03 
 
21.4 Chlorophyll 5 0.11 0.3 0.19 0.03 0.08 
  
  
     
 
23.6 Diameter (mm) 10 1.7 2.7 2.2 0.10 0.33 
 
23.6 Holobiont FO 10 183 388 307 19.43 61.44 
 
23.6 Holobiont FM 10 632 1461 1168 75.73 239.47 
 
23.6 Holobiont Yield 10 0.71 0.76 0.74 0.00 0.02 
 
23.6 Symbiont FO 10 297 437 373 16.01 50.62 
 
23.6 Symbiont FM 10 684 1258 923 54.43 172.12 
 
23.6 Symbiont Yield 10 0.54 0.68 0.59 0.02 0.05 
 
23.6 Chlorophyll 5 0.09 0.3 0.18 0.03 0.08 
  
   
    
 
28.1 Diameter (mm) 9 1.5 3.1 2.3 0.17 0.52 
 
28.1 Holobiont FO 9 118 412 277 39.36 118.09 
 
28.1 Holobiont FM 9 134 1185 631 133.57 400.72 
 
28.1 Holobiont Yield 9 0.12 0.71 0.45 0.08 0.23 
 
28.1 Symbiont FO 8 104 324 254 30.24 85.53 
 
28.1 Symbiont FM 8 121 731 465 75.63 213.92 
 
28.1 Symbiont Yield 8 0.14 0.63 0.4 0.06 0.18 
 
28.1 Chlorophyll 4 0.07 0.23 0.12 0.04 0.08 
  
  
     
 
31.0 Diameter (mm) 10 1.7 2.9 2.3 0.11 0.33 
 
31.0 Holobiont FO 10 250 431 355 17.90 56.61 
 
31.0 Holobiont FM 10 1026 1772 1488 79.67 251.94 
 
31.0 Holobiont Yield 10 0.71 0.79 0.76 0.01 0.03 
 
31.0 Symbiont FO 10 165 452 347 28.04 88.68 
 
31.0 Symbiont FM 10 479 1521 1139 108.36 342.67 
 
31.0 Symbiont Yield 10 0.62 0.73 0.69 0.01 0.03 
 
31.0 Chlorophyll 5 0.18 0.32 0.23 0.03 0.06 
  
  
     
 
32.4 Diameter (mm) 5 2.4 3.4 2.7 0.18 0.40 
 
32.4 Holobiont FO 5 145 389 273 41.87 93.63 
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32.4 Holobiont FM 5 188 627 369 78.33 175.14 
 
32.4 Holobiont Yield 5 0.11 0.48 0.22 0.07 0.15 
 
32.4 Symbiont FO 5 105 364 226 54.24 121.29 
 
32.4 Symbiont FM 5 126 512 286 76.70 171.51 
 
32.4 Symbiont Yield 5 0.14 0.32 0.19 0.03 0.07 
 
32.4 Chlorophyll 2 0.02 0.1 0.06 0.04 0.06 
  
  
     14 11.9 Diameter (mm) 10 2.0 3.1 2.5 0.11 0.35 
 
11.9 Holobiont FO 10 259 415 334 19.20 60.72 
 
11.9 Holobiont FM 10 769 1402 958 70.24 222.12 
 
11.9 Holobiont Yield 10 0.5 0.71 0.65 0.02 0.06 
 
11.9 Symbiont FO 10 274 442 345 15.35 48.56 
 
11.9 Symbiont FM 10 502 944 713 45.51 143.92 
 
11.9 Symbiont Yield 10 0.28 0.63 0.5 0.03 0.10 
 
11.9 Chlorophyll 5 0.01 0.26 0.17 0.04 0.10 
  
  
     
 
15.4 Diameter (mm) 10 1.3 2.9 2.4 0.15 0.49 
 
15.4 Holobiont FO 10 249 443 333 21.68 68.56 
 
15.4 Holobiont FM 10 709 1633 1157 84.74 267.98 
 
15.4 Holobiont Yield 10 0.65 0.73 0.71 0.01 0.03 
 
15.4 Symbiont FO 10 260 435 354 19.74 62.43 
 
15.4 Symbiont FM 10 650 1238 948 67.35 212.97 
 
15.4 Symbiont Yield 10 0.43 0.68 0.62 0.02 0.07 
 
15.4 Chlorophyll 5 0.05 0.33 0.2 0.06 0.13 
  
  
     
 
18.6 Diameter (mm) 9 1.9 3.0 2.5 0.12 0.37 
 
18.6 Holobiont FO 9 273 414 357 17.37 52.10 
 
18.6 Holobiont FM 9 564 1722 1151 116.34 349.03 
 
18.6 Holobiont Yield 9 0.3 0.76 0.66 0.05 0.14 
 
18.6 Symbiont FO 9 265 453 358 23.31 69.94 
 
18.6 Symbiont FM 9 50 1457 832 146.06 438.19 
 
18.6 Symbiont Yield 9 0.24 0.7 0.57 0.05 0.14 
 
18.6 Chlorophyll 4 0.19 0.3 0.23 0.03 0.05 
  
  
     
 
21.4 Diameter (mm) 10 2.3 3.0 2.6 0.07 0.21 
 
21.4 Holobiont FO 10 276 396 323 11.38 35.98 
 
21.4 Holobiont FM 10 619 1518 1242 83.02 262.52 
 
21.4 Holobiont Yield 10 0.5 0.77 0.73 0.03 0.08 
 
21.4 Symbiont FO 10 35 440 302 37.67 119.12 
 
21.4 Symbiont FM 10 455 1434 1038 97.57 308.53 
 
21.4 Symbiont Yield 10 0.46 0.72 0.66 0.03 0.08 
 
21.4 Chlorophyll 5 0.1 0.3 0.17 0.03 0.08 
  
  
     
 
31.0 Diameter (mm) 10 1.5 2.9 2.3 0.13 0.41 
 
31.0 Holobiont FO 10 259 402 337 17.44 55.16 
 
31.0 Holobiont FM 10 474 1684 1133 112.47 355.68 
 
31.0 Holobiont Yield 10 0.67 0.76 0.72 0.01 0.03 
 
31.0 Symbiont FO 10 259 386 337 13.58 42.94 
 
31.0 Symbiont FM 10 650 1170 912 62.44 197.45 
 
31.0 Symbiont Yield 10 0.53 0.69 0.62 0.02 0.05 
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31.0 Chlorophyll 5 0.03 0.28 0.12 0.04 0.10 
  
  
     21 11.9 Diameter (mm) 10 2.1 2.8 2.4 0.08 0.27 
 
11.9 Holobiont FO 10 278 422 346 17.26 54.58 
 
11.9 Holobiont FM 10 486 1291 836 74.92 236.91 
 
11.9 Holobiont Yield 10 0.4 0.71 0.56 0.04 0.11 
 
11.9 Symbiont FO 10 263 406 335 15.91 50.30 
 
11.9 Symbiont FM 10 335 794 577 45.54 144.01 
 
11.9 Symbiont Yield 10 0.22 0.55 0.4 0.04 0.11 
 
11.9 Chlorophyll 5 0.19 0.27 0.24 0.01 0.03 
  
  
     
 
15.4 Diameter (mm) 10 2.1 3.4 2.7 0.14 0.43 
 
15.4 Holobiont FO 10 255 413 355 20.78 65.72 
 
15.4 Holobiont FM 10 794 1617 1232 94.84 299.90 
 
15.4 Holobiont Yield 10 0.67 0.75 0.71 0.01 0.03 
 
15.4 Symbiont FO 10 239 410 330 21.62 68.38 
 
15.4 Symbiont FM 10 531 1120 862 69.73 220.50 
 
15.4 Symbiont Yield 10 0.5 0.67 0.61 0.02 0.06 
 
15.4 Chlorophyll 5 0.04 0.35 0.16 0.06 0.13 
  
  
     
 
18.6 Diameter (mm) 10 1.8 3.2 2.5 0.13 0.41 
 
18.6 Holobiont FO 10 255 398 311 14.83 46.89 
 
18.6 Holobiont FM 10 812 1568 1011 68.83 217.66 
 
18.6 Holobiont Yield 10 0.55 0.75 0.69 0.02 0.06 
 
18.6 Symbiont FO 10 262 401 306 12.61 39.86 
 
18.6 Symbiont FM 10 558 1296 783 62.78 198.54 
 
18.6 Symbiont Yield 10 0.46 0.69 0.6 0.02 0.07 
 
18.6 Chlorophyll 5 0.03 0.14 0.09 0.02 0.04 
  
  
     
 
21.4 Diameter (mm) 10 2.1 3.0 2.4 0.09 0.29 
 
21.4 Holobiont FO 10 273 424 359 16.42 51.93 
 
21.4 Holobiont FM 10 1073 1885 1418 90.55 286.34 
 
21.4 Holobiont Yield 10 0.68 0.78 0.74 0.01 0.03 
 
21.4 Symbiont FO 10 271 383 318 12.07 38.18 
 
21.4 Symbiont FM 10 626 1094 858 42.28 133.71 
 
21.4 Symbiont Yield 10 0.47 0.66 0.62 0.02 0.06 
 
21.4 Chlorophyll 5 0.14 0.26 0.19 0.02 0.05 
  
  
     
 
31.0 Diameter (mm) 6 2.4 3.5 2.8 0.17 0.42 
 
31.0 Holobiont FO 6 37 301 227 40.80 99.93 
 
31.0 Holobiont FM 6 61 1075 651 163.98 401.66 
 
31.0 Holobiont Yield 6 0.39 0.73 0.57 0.06 0.15 
 
31.0 Symbiont FO 7 38 395 228 65.71 173.86 
 
31.0 Symbiont FM 7 53 1113 507 173.95 460.22 
 
31.0 Symbiont Yield 7 0.14 0.65 0.43 0.07 0.19 
 
31.0 Chlorophyll 3 0.09 0.23 0.17 0.04 0.07 
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Appendix F2.  Experiment 3:  Descriptive statistics for diameter (mm), chlorophyll a (µg) per 
foram, and holobiont and symbiont yields. 
Day 
Temperature 
(°C) Parameter N Min Max M SEM SD 
1 4.4 Diameter 10 1.7 3.0 2.3 0.11 0.36 
 
4.4 Holobiont Yield 10 0.69 0.75 0.72 0.01 0.02 
 
4.4 Symbiont Yield 10 0.45 0.69 0.56 0.03 0.09 
 
4.4 Chlorophyll a 5 0.09 0.50 0.19 0.08 0.18 
        
         
 
24.0 Diameter 10 1.9 3.4 2.6 0.14 0.43 
 
24.0 Holobiont Yield 10 0.67 0.75 0.72 0.01 0.02 
 
24.0 Symbiont Yield 10 0.33 0.63 0.53 0.03 0.09 
 
24.0 Chlorophyll a 5 0.07 0.84 0.36 0.14 0.32 
        
         2 4.4 Diameter 10 1.8 3.9 2.5 0.20 0.63 
 
4.4 Holobiont Yield 10 0.66 0.75 0.72 0.01 0.03 
 
4.4 Symbiont Yield 10 0.39 0.66 0.55 0.03 0.08 
 
4.4 Chlorophyll a 5 0.18 0.56 0.33 0.07 0.15 
        
         
 
24.0 Diameter 10 1.8 2.9 2.4 0.12 0.37 
 
24.0 Holobiont Yield 10 0.66 0.74 0.69 0.01 0.02 
 
24.0 Symbiont Yield 10 0.39 0.62 0.54 0.02 0.07 
 
24.0 Chlorophyll a 5 0.05 0.25 0.16 0.04 0.10 
         
 
27.3 Diameter 10 1.9 2.9 2.4 0.09 0.30 
 
27.3 Holobiont Yield 10 0.55 0.74 0.70 0.02 0.06 
 
27.3 Symbiont Yield 10 0.43 0.69 0.56 0.02 0.08 
 
27.3 Chlorophyll a x x x x x x 
         
 
29.5 Diameter 10 1.9 3.5 2.6 0.16 0.50 
 
29.5 Holobiont Yield 10 0.66 0.75 0.71 0.01 0.03 
 
29.5 Symbiont Yield 10 0.51 0.65 0.57 0.02 0.05 
 
29.5 Chlorophyll a x x x x x x 
         
3 4.4 Diameter 10 1.8 2.8 2.3 0.11 0.35 
 
4.4 Holobiont Yield 10 0.64 0.73 0.68 0.01 0.03 
 
4.4 Symbiont Yield 10 0.45 0.60 0.53 0.02 0.05 
 
4.4 Chlorophyll a 5 0.08 0.27 0.16 0.03 0.08 
         
 
24.0 Diameter 10 1.4 2.6 2.1 0.11 0.35 
 
24.0 Holobiont Yield 10 0.64 0.72 0.69 0.01 0.03 
 
24.0 Symbiont Yield 10 0.47 0.63 0.56 0.02 0.06 
 
24.0 Chlorophyll a 6 0.06 0.37 0.19 0.06 0.14 
         
 
27.3 Diameter 10 1.6 2.8 2.3 0.11 0.36 
 
27.3 Holobiont Yield 10 0.55 0.78 0.69 0.02 0.07 
 
27.3 Symbiont Yield 10 0.47 0.69 0.60 0.03 0.08 
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27.3 Chlorophyll a 5 x x x x x 
        
         
 
29.5 Diameter 20 1.5 3.2 2.4 0.10 0.44 
 
29.5 Holobiont Yield 20 0.61 0.76 0.69 0.01 0.04 
 
29.5 Symbiont Yield 10 0.38 0.67 0.57 0.03 0.09 
 
29.5 Chlorophyll a 5 x x x x x 
        
         5 4.4 Diameter 10 1.8 3.0 2.3 0.12 0.37 
 
4.4 Holobiont Yield 10 0.61 0.76 0.70 0.01 0.04 
 
4.4 Symbiont Yield 10 0.51 0.64 0.57 0.01 0.04 
 
4.4 Chlorophyll a 5 0.21 0.55 0.32 0.06 0.14 
         
 
24.0 Diameter 10 1.6 2.5 2.0 0.09 0.30 
 
24.0 Holobiont Yield 10 0.49 0.75 0.67 0.02 0.07 
 
24.0 Symbiont Yield 10 0.40 0.67 0.59 0.02 0.08 
 
24.0 Chlorophyll a 5 0.03 0.12 0.07 0.02 0.04 
        
         
 
27.3 Diameter 10 1.9 2.7 2.2 0.08 0.25 
 
27.3 Holobiont Yield 10 0.53 0.72 0.66 0.02 0.05 
 
27.3 Symbiont Yield 10 0.43 0.66 0.58 0.02 0.07 
 
27.3 Chlorophyll a 5 x x x x x 
        
         
 
29.5 Diameter 10 1.7 3.4 2.3 0.14 0.44 
 
29.5 Holobiont Yield 10 0.29 0.71 0.59 0.04 0.12 
 
29.5 Symbiont Yield 10 0.31 0.64 0.51 0.03 0.10 
 
29.5 Chlorophyll a 5 x x x x x 
         
7 4.4 Diameter 10 1.5 2.2 1.9 0.09 0.27 
 
4.4 Holobiont Yield 10 0.63 0.71 0.68 0.01 0.02 
 
4.4 Symbiont Yield 10 0.33 0.53 0.46 0.02 0.07 
 
4.4 Chlorophyll a 5 0.02 0.11 0.08 0.02 0..03 
        
         
 
24.0 Diameter 10 1.7 2.8 2.2 0.11 0.36 
 
24.0 Holobiont Yield 10 0.65 0.74 0.70 0.01 0.03 
 
24.0 Symbiont Yield 10 0.57 0.72 0.62 0.01 0.05 
 
24.0 Chlorophyll a 5 0.06 0.20 0.10 0.03 0.06 
        
         
 
27.3 Diameter 10 1.8 3.0 2.3 0.12 0.38 
 
27.3 Holobiont Yield 10 0.34 0.73 0.65 0.04 0.11 
 
27.3 Symbiont Yield 10 0.35 0.70 0.61 0.03 0.10 
 
27.3 Chlorophyll a 5 0.06 0.46 0.25 0.07 0.15 
        
         
 
29.5 Diameter 9 1.8 2.6 2.2 0.09 0.27 
 
29.5 Holobiont Yield 9 0.51 0.73 0.64 0.02 0.06 
 
29.5 Symbiont Yield 9 0.41 0.67 0.58 0.03 0.08 
 
29.5 Chlorophyll a 5 0.19 0.42 0.27 0.04 0.10 
        
         14 4.4 Diameter 10 1.6 2.6 2.1 0.13 0.42 
 
4.4 Holobiont Yield 10 0.39 0.69 0.55 0.03 0.10 
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4.4 Symbiont Yield 10 0.23 0.44 0.33 0.02 0.07 
 
4.4 Chlorophyll a x x x x x x 
        
         
 
24.0 Diameter 10 1.5 2.8 2.1 0.13 0.41 
 
24.0 Holobiont Yield 10 0.44 0.71 0.57 0.03 0.08 
 
24.0 Symbiont Yield 10 0.40 0.65 0.51 0.03 0.08 
 
24.0 Chlorophyll a x x x x x x 
        
         
 
27.3 Diameter 7 1.7 2.6 2.0 0.13 0.34 
 
27.3 Holobiont Yield 5 0.28 0.59 0.48 0.06 0.14 
 
27.3 Symbiont Yield 5 0.25 0.56 0.42 0.05 0.12 
 
27.3 Chlorophyll a 5 x x x x x 
        
         
 
29.5 Diameter 8 1.7 2.7 2.2 0.11 0.32 
 
29.5 Holobiont Yield 7 0.36 0.68 0.55 0.05 0.13 
 
29.5 Symbiont Yield 7 0.28 0.62 0.49 0.05 0.12 
 
29.5 Chlorophyll a 5 x x x x x 
        
         21 4.4 Diameter 10 1.5 2.5 2.1 0.09 0.29 
 
4.4 Holobiont Yield 10 0.56 0.68 0.62 0.01 0.04 
 
4.4 Symbiont Yield 10 0.46 0.61 0.55 0.02 0.05 
 
4.4 Chlorophyll a 5 0.12 0.45 0.31 0.06 0.12 
        
         
 
24.0 Diameter 10 1.9 3.1 2.4 0.11 0.36 
 
24.0 Holobiont Yield 10 0.29 0.73 0.63 0.05 0.14 
 
24.0 Symbiont Yield 10 0.24 0.70 0.56 0.05 0.17 
 
24.0 Chlorophyll a 5 0.15 0.40 0.30 0.04 0.09 
         
 
27.3 Diameter 10 1.5 3.1 2.1 0.14 0.45 
 
27.3 Holobiont Yield 9 0.59 0.71 0.65 0.01 0.04 
 
27.3 Symbiont Yield 9 0.52 0.70 0.62 0.02 0.06 
 
27.3 Chlorophyll a 5 0.11 0.32 0.17 0.04 0.09 
        
         
 
29.5 Diameter 10 1.7 2.4 2.0 0.06 0.20 
 
29.5 Holobiont Yield 9 0.55 0.65 0.59 0.01 0.03 
 
29.5 Symbiont Yield 9 0.49 0.60 0.55 0.01 0.04 
 
29.5 Chlorophyll a 5 0.14 0.25 0.20 0.02 0.04 
        
         25 4.4 Diameter 9 1.1 1.8 1.5 0.07 0.22 
 
4.4 Holobiont Yield 9 0.26 0.65 0.54 0.04 0.11 
 
4.4 Symbiont Yield 0 x x x x x 
 
4.4 Chlorophyll a 5 x x x x x 
         
         
 
24.0 Diameter 10 1.4 3.0 2.0 0.18 0.56 
 
24.0 Holobiont Yield 10 0.50 0.72 0.58 0.02 0.08 
 
24.0 Symbiont Yield 0 x x x x x 
 
24.0 Chlorophyll a 5 x x x x x 
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27.3 Diameter 11 1.4 3.3 2.3 0.14 0.48 
 
27.3 Holobiont Yield 7 0.52 0.70 0.63 0.02 0.07 
 
27.3 Symbiont Yield 0 x x x x x 
 
27.3 Chlorophyll a 5 x x x x x 
         
 
29.5 Diameter 10 1.5 2.5 2.0 0.11 0.35 
 
29.5 Holobiont Yield 8 0.63 0.72 0.67 0.01 0.03 
 
29.5 Symbiont Yield 0 x x x x x 
 
29.5 Chlorophyll a 5 x x x x x 
         
28 4.4 Diameter 9 1.7 3.0 .226.67 0.19 0.56 
 
4.4 Holobiont Yield 8 0.36 0.68 0.51 0.04 0.11 
 
4.4 Symbiont Yield 8 0.23 0.55 0.44 0.04 0.12 
 
4.4 Chlorophyll a 5 0.23 0.50 0.38 0.04 0.10 
         
 
24.0 Diameter 10 1.8 2.5 2.1 0.08 0.25 
 
24.0 Holobiont Yield 10 0.34 0.75 0.63 0.04 0.12 
 
24.0 Symbiont Yield 9 0.51 0.66 0.60 0.02 0.05 
 
24.0 Chlorophyll a 5 0.15 0.32 0.22 0.04 0.08 
        
         
 
27.3 Diameter 9 1.6 3.2 2.3 0.19 0.57 
 
27.3 Holobiont Yield 8 0.23 0.72 0.64 0.06 0.17 
 
27.3 Symbiont Yield 8 0.14 0.67 0.56 0.06 0.17 
 
27.3 Chlorophyll a 5 0.19 0.51 0.19 0.23 0.51 
        
         
 
29.5 Diameter 9 1.7 2.2 2.0 0.06 0.19 
 
29.5 Holobiont Yield 9 0.67 0.73 0.70 0.01 0.02 
 
29.5 Symbiont Yield 9 0.52 0.62 0.57 0.01 0.03 
 
29.5 Chlorophyll a 5 0.07 0.34 0.07 0.15 0.34 
         
31 4.4 Diameter 12 1.4 2.3 1.7 0.08 0.28 
 
4.4 Holobiont Yield 10 0.30 0.67 0.53 0.04 0.13 
 
4.4 Symbiont Yield 10 0.30 0.62 0.47 0.03 0.11 
 
4.4 Chlorophyll a 5 0.16 0.23 0.20 0.01 0.03 
        
         
 
24.0 Diameter 12 1.7 2.3 2.0 0.05 0.17 
 
24.0 Holobiont Yield 12 0.56 0.72 0.66 0.02 0.06 
 
24.0 Symbiont Yield 12 0.43 0.70 0.61 0.02 0.07 
 
24.0 Chlorophyll a 5 0.10 0.25 0.17 0.03 0.06 
        
         
 
27.3 Diameter 9 1.6 2.5 2.1 0.11 0.32 
 
27.3 Holobiont Yield 8 0.67 0.73 0.70 0.01 0.02 
 
27.3 Symbiont Yield 4 0.55 0.68 0.63 0.03 0.06 
 
27.3 Chlorophyll a 5 0.10 0.30 0.10 0.13 0.30 
         
 
29.5 Diameter 10 1.6 3.3 2.1 0.14 0.45 
 
29.5 Holobiont Yield 9 0.60 0.74 0.70 0.02 0.05 
 
29.5 Symbiont Yield 9 0.53 0.71 0.66 0.02 0.05 
 
29.5 Chlorophyll a 5 0.20 0.29 0.20 0.13 0.29 
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Appendix G1.  Experiments 1 and 2:  Bonferroni Ad-Hoc comparisons between holobiont and 
symbiont yields. 
Experiment 
Temperature 
Treatment 
(°C) Day 
Holobiont 
Mean 
Holobiont 
Score 
Symbiont 
Mean 
Symbiont 
Score 
1 11.9 1 0.67 v 0.53 b 
1 11.9 3 0.73 v 0.60 a,b 
1 11.9 5 0.71 v  0.60 a,b 
1 11.9 7 0.71 v 0.57 a,b 
1 11.9 14 0.65 v,w 0.50 b 
1 11.9 21 0.56 w 0.40 c,d 
1 15.4 1 0.67 v 0.53 a,b 
1 15.4 3 0.76 v 0.69 a 
1 15.4 5 0.75 v 0.67 a 
1 15.4 7 0.74 v 0.67 a 
1 15.4 14 0.71 v 0.62 a 
1 15.4 21 0.71 v 0.61 a 
1 18.6 1 0.67 v 0.53 a,b 
1 18.6 3 0.72 v 0.63 a 
1 18.6 5 0.73 v 0.68 a 
1 18.6 7 0.73 v 0.66 a 
1 18.6 14 0.66 v 0.57 a,b 
1 18.6 21 0.69 v 0.60 a,b 
1 21.4 1 0.67 v 0.53 b 
1 21.4 3 0.71 v 0.46 c 
1 21.4 5 0.73 v 0.69 a 
1 21.4 7 0.75 v 0.69 a 
1 21.4 14 0.73 v 0.66 a 
1 21.4 21 0.74 v 0.62 a 
2 23.6 1 0.75 v 0.62 a 
2 23.6 3 0.69 v 0.50 b,c 
2 23.6 5 0.72 v 0.58 a,b 
2 23.6 7 0.74 v 0.59 a,b 
2 28.1 1 0.75 v 0.62 a 
2 28.1 3 0.71 v 0.57 a,b 
2 28.1 5 0.65 v,w 0.55 a,b 
2 28.1 7 0.45 x 0.40 c,d 
1 31 1 0.67 v,w 0.53 a,b 
1 31 3 0.76 v 0.58 a,b 
1 31 5 0.74 v 0.69 a 
1 31 7 0.76 v 0.69 a 
1 31 14 0.72 v 0.62 a 
1 31 21 0.57 w 0.43 b,c 
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2 32.4 1 0.75 v 0.62 a 
2 32.4 3 0.56 w 0.45 b,c 
2 32.4 5 0.36 y 0.31 c,d 
2 32.4 7 0.22 z 0.19 d 
1 33.9 1 0.67 v 0.53 a,b 
1 33.9 3  < 0.10 z 0.12 d 
1 33.9 5  < 0.10 z 0.27 d 
1 33.9 7 dead 
 
dead 
 1 33.9 14 dead 
 
dead 
 1 33.9 21 dead 
 
dead 
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Appendix G2.  Experiments 3:  Bonferroni Ad-Hoc comparisons between holobiont and 
symbiont yields 
Temperature 
Treatment 
(°C) Day 
Holobiont 
Mean 
Holobiont 
score 
Symbiont 
Mean 
Symbiont 
Score 
4.4 1 0.72 v 0.56 a 
4.4 2 0.72 v 0.55 a,b 
4.4 3 0.68 v 0.53 b 
4.4 5 0.7 v 0.57 a 
4.4 7 0.68 v 0.46 b,c 
4.4 14 0.55 w 0.33 d 
4.4 21 0.62 v,w 0.55 a,b 
4.4 25 0.54 w x – 
4.4 28 0.51 w 0.44 c 
4.4 31 0.53 w 0.47 b,c 
24 1 0.72 v 0.53 b 
24 2 0.69 v 0.54 b 
24 3 0.69 v 0.56 a 
24 5 0.67 v 0.59 a 
24 7 0.7 v 0.62 a 
24 14 0.57 w 0.51 b 
24 21 0.63 v,w 0.56 a 
24 25 0.58 w x – 
24 28 0.63 v 0.6 a 
24 31 0.66 v 0.61 a 
27.3 2 0.7 v 0.56 a 
27.3 3 0.69 v 0.6 a 
27.3 5 0.66 v 0.58 a 
27.3 7 0.65 v 0.61 a 
27.3 14 0.48 x 0.42 c 
27.3 21 0.65 v,w 0.62 a 
27.3 25 0.63 v,w x – 
27.3 28 0.64 v,w 0.56 a 
27.3 31 0.7 v 0.63 a 
29.5 2 0.71 v 0.57 a 
29.5 3 0.69 v 0.57 a 
29.5 5 0.59 w 0.51 b 
29.5 7 0.64 v,w 0.58 a 
29.5 14 0.55 w 0.49 b 
29.5 21 0.59 w 0.55 a,b 
29.5 25 0.67 v x – 
29.5 28 0.7 v 0.57 a 
29.5 31 0.7 v 0.66 a 
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Appendix H.  Experiment 1-2, and 3:  Results for Levene’s test for equality of variances for 
holobiont and symbiont maximum quantum yield, alpha, ETRmax and Ek values. 
Holobiont 
Experiment Response parameter 
Outliers 
removed Normality Equality of variance 
1-2 Maximum Quantum Yield 10 Skewed [F (35, 309) = 7.82, p < 0.001] 
3 Maximum Quantum Yield 11 Skewed [F (37, 340) = 5.33, p < 0.001] 
1-2 Alpha 0 Skewed [F (35, 125) = 1.52, p = 0.050] 
1-2 ETRmax 0 Skewed [F (34, 125) = 1.70, p = 0.019] 
1-2 Ek 0 Skewed [F (35, 127) = 1.52, p = 0.050] 
Symbionts 
Experiment Response parameter 
Outliers 
removed Normality Equality of variance 
1-2 Maximum Quantum Yield 5 Skewed [F (37, 310) = 3.88, p < 0.001] 
3 Maximum Quantum Yield 0 Skewed [F (33, 284) = 2.19, p < 0.001] 
1-2 Alpha 0 Skewed [F (34, 120) = 1.66, p = 0.024] 
1-2 ETRmax 0 Skewed [F (34, 121) = 0.98, p = 0.505] 
1-2 Ek 0 Skewed [F (34, 121) = 2.01, p = 0.003] 
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Appendix I.  Experiment 1 and 2:  Descriptive statistics for holobiont and symbiont alpha(α), 
ETRmax, Ek, and beta(ß). 
Day 
Temperature 
(°C) Parameter N Min Max M SEM SD 
1  Holobiont Alpha 5 0.16 0.22 0.20 0.01 0.03 
  Holobiont ETRmax 5 18.24 25.24 22.05 1.17 2.63 
  Holobiont Ek 5 93.82 128.98 111.62 5.77 12.90 
  Holobiont Beta 5 0.05 0.12 0.08 0.01 0.03 
 21.4 Symbiont Alpha 5 0.07 0.17 0.11 0.02 0.04 
  Symbiont ETRmax 5 7.44 20.49 12.46 2.17 4.86 
  Symbiont EK 5 104.49 126.33 114.48 4.47 10.01 
  Symbiont Beta 5 0.02 1.67 0.37 0.33 0.73 
         
  Holobiont Alpha 5 0.28 0.29 0.28 0.00 0.00 
  Holobiont ETRmax 5 25.91 37.98 29.38 2.19 4.89 
  Holobiont Ek 5 92.57 129.12 103.37 6.58 14.72 
  Holobiont Beta 5 0.05 0.10 0.07 0.01 0.02 
 23.6 Symbiont Alpha 5 0.13 0.26 0.19 0.02 0.06 
  Symbiont ETRmax 5 14.93 34.83 23.26 3.46 7.74 
  Symbiont EK 5 108.35 143.28 120.56 6.27 14.01 
  Symbiont Beta 0 x x x x x 
         
3  Holobiont Alpha 5 0.17 0.25 0.22 0.01 0.03 
  Holobiont ETRmax 5 22.39 29.10 26.26 1.16 2.60 
  Holobiont Ek 5 111.98 137.22 123.81 5.21 11.66 
  Holobiont Beta 5 0.05 0.29 0.13 0.04 0.10 
 11.9 Symbiont Alpha 4 0.08 0.17 0.13 0.02 0.04 
  Symbiont ETRmax 4 4.43 24.39 14.43 4.26 8.52 
  Symbiont EK 4 52.89 145.07 106.49 19.71 39.43 
  Symbiont Beta 4 0.01 2.48 0.64 0.61 1.23 
         
  Holobiont Alpha 5 0.23 0.28 0.26 0.01 0.02 
  Holobiont ETRmax 5 22.46 33.43 28.49 1.81 4.06 
  Holobiont Ek 5 87.44 130.39 111.41 8.13 18.17 
  Holobiont Beta 5 0.05 0.14 0.08 0.02 0.04 
 15.4 Symbiont Alpha 5 0.15 0.20 0.17 0.01 0.02 
  Symbiont ETRmax 5 19.25 28.79 23.39 1.58 3.54 
  Symbiont EK 5 116.76 154.85 136.43 7.92 17.71 
  Symbiont Beta 5 0.02 3.24 0.73 0.63 1.40 
         
  Holobiont Alpha 5 0.18 0.24 0.20 0.01 0.03 
  Holobiont ETRmax 5 16.67 30.35 24.32 2.41 5.39 
  Holobiont Ek 5 93.07 127.57 118.79 6.52 14.59 
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  Holobiont Beta 5 0.04 0.13 0.08 0.02 0.03 
 18.6 Symbiont Alpha 5 0.13 0.19 0.15 0.01 0.02 
  Symbiont ETRmax 5 9.92 28.59 20.17 3.11 6.96 
  Symbiont EK 5 77.38 159.18 130.83 15.32 34.25 
  Symbiont Beta 5 0.03 3.46 1.31 0.76 1.70 
         
  Holobiont Alpha 5 0.22 0.24 0.23 0.00 0.01 
  Holobiont ETRmax 5 26.11 31.56 28.00 0.94 2.09 
  Holobiont Ek 5 118.08 136.94 123.68 3.56 7.97 
  Holobiont Beta 5 0.09 0.92 0.38 0.16 0.37 
 21.4 Symbiont Alpha 5 0.05 0.16 0.10 0.02 0.04 
  Symbiont ETRmax 5 6.07 16.19 12.05 1.70 3.79 
  Symbiont EK 5 104.33 155.35 123.94 8.89 19.89 
  Symbiont Beta 5 0.01 3.19 1.15 0.60 1.35 
         
  Holobiont Alpha 5 0.22 0.28 0.24 0.01 0.02 
  Holobiont ETRmax 5 23.13 30.46 26.08 1.21 2.70 
  Holobiont Ek 5 95.18 120.94 108.41 4.33 9.69 
  Holobiont Beta 5 0.03 0.07 0.05 0.01 0.02 
 23.6 Symbiont Alpha 5 0.11 0.16 0.13 0.01 0.02 
  Symbiont ETRmax 5 7.81 26.25 15.91 3.18 7.11 
  Symbiont EK 5 65.45 160.46 117.78 17.55 39.23 
  Symbiont Beta 0      
         
  Holobiont Alpha 4 0.19 0.23 0.21 0.01 0.02 
  Holobiont ETRmax 4 19.65 27.35 25.13 1.84 3.68 
  Holobiont Ek 4 102.15 126.48 117.74 5.42 10.85 
  Holobiont Beta 4 0.04 0.08 0.06 0.01 0.02 
 28.1 Symbiont Alpha 4 0.14 0.20 0.16 0.01 0.03 
  Symbiont ETRmax 4 15.74 22.17 18.88 1.38 2.77 
  Symbiont EK 4 113.39 125.92 117.77 2.89 5.77 
  Symbiont Beta 0 x x x x X 
         
  Holobiont Alpha 5 0.22 0.28 0.26 0.01 0.02 
  Holobiont ETRmax 5 20.69 31.26 28.15 1.90 4.24 
  Holobiont Ek 5 93.87 114.88 107.68 3.66 8.19 
  Holobiont Beta 5 0.05 0.10 0.08 0.01 0.02 
 31.0 Symbiont Alpha 5 0.09 0.18 0.14 0.02 0.05 
  Symbiont ETRmax 5 10.80 24.07 17.75 2.85 6.36 
  Symbiont EK 5 109.90 132.31 122.03 3.98 8.89 
  Symbiont Beta 5 0.02 0.22 0.09 0.04 0.08 
         
  Holobiont Alpha 4 0.09 0.18 0.15 0.02 0.04 
  Holobiont ETRmax 4 12.07 15.85 14.49 0.84 1.69 
  Holobiont Ek 4 85.19 137.67 106.84 12.38 24.75 
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  Holobiont Beta 4 0.01 0.06 0.04 0.01 0.02 
 32.4 Symbiont Alpha 4 0.09 0.14 0.12 0.01 0.02 
  Symbiont ETRmax 4 6.59 15.09 10.45 2.05 4.11 
  Symbiont EK 4 63.98 118.16 89.26 11.45 22.90 
  Symbiont Beta 4 0.00 0.03 0.02 0.01 0.01 
         
5  Holobiont Alpha 4 0.18 0.26 0.23 0.02 0.03 
  Holobiont ETRmax 4 21.44 28.96 26.04 1.62 3.24 
  Holobiont Ek 4 103.68 128.97 118.27 5.31 10.62 
  Holobiont Beta 4 0.05 0.13 0.08 0.02 0.04 
 11.9 Symbiont Alpha 5 0.08 0.19 0.12 0.02 0.04 
  Symbiont ETRmax 5 10.75 20.13 15.44 1.59 3.56 
  Symbiont EK 5 107.25 142.16 130.47 6.16 13.78 
  Symbiont Beta 5 0.03 2.03 1.01 0.41 0.93 
         
  Holobiont Alpha 5 0.19 0.26 0.23 0.01 0.03 
  Holobiont ETRmax 5 24.91 32.49 27.83 1.31 2.92 
  Holobiont Ek 5 110.28 133.33 121.37 3.98 8.90 
  Holobiont Beta 5 0.05 0.15 0.11 0.02 0.04 
 15.4 Symbiont Alpha 3 0.13 0.18 0.16 0.02 0.03 
  Symbiont ETRmax 4 17.94 26.13 22.31 2.04 4.09 
  Symbiont EK 4 141.22 153.59 145.20 2.83 5.67 
  Symbiont Beta 4 0.08 2.75 0.93 0.62 1.25 
         
  Holobiont Alpha 4 0.22 0.25 0.23 0.01 0.01 
  Holobiont ETRmax 4 24.65 28.73 26.42 0.86 1.72 
  Holobiont Ek 4 106.84 125.74 115.32 4.20 8.39 
  Holobiont Beta 4 0.06 0.08 0.07 0.00 0.01 
 18.6 Symbiont Alpha 5 0.11 0.20 0.17 0.02 0.03 
  Symbiont ETRmax 5 11.09 24.79 20.53 2.68 5.98 
  Symbiont EK 5 105.45 143.68 122.64 6.95 15.55 
  Symbiont Beta 5 0.05 0.45 0.14 0.08 0.17 
         
  Holobiont Alpha 5 0.22 0.27 0.24 0.01 0.02 
  Holobiont ETRmax 5 22.92 29.67 26.43 1.07 2.40 
  Holobiont Ek 5 85.63 123.77 110.06 6.99 15.63 
  Holobiont Beta 5 0.02 0.13 0.08 0.02 0.04 
 21.4 Symbiont Alpha 3 0.18 0.20 0.19 0.01 0.01 
  Symbiont ETRmax 3 23.24 25.77 24.59 0.73 1.27 
  Symbiont EK 3 131.34 141.65 135.09 3.29 5.70 
  Symbiont Beta 3 0.06 2.36 0.84 0.76 1.32 
         
  Holobiont Alpha 5 0.20 0.25 0.22 0.01 0.02 
  Holobiont ETRmax 5 13.46 24.04 21.58 2.04 4.56 
  Holobiont Ek 5 68.90 115.83 97.07 8.33 18.63 
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  Holobiont Beta 5 0.02 0.07 0.05 0.01 0.02 
 23.6 Symbiont Alpha 5 0.13 0.18 0.16 0.01 0.02 
  Symbiont ETRmax 5 13.92 25.06 18.80 1.85 4.14 
  Symbiont EK 5 77.33 166.58 122.53 15.72 35.15 
  Symbiont Beta 5 0.01 0.26 0.11 0.05 0.10 
         
  Holobiont Alpha 5 0.13 0.20 0.18 0.01 0.03 
  Holobiont ETRmax 5 11.17 25.14 19.22 2.77 6.19 
  Holobiont Ek 5 85.24 133.00 105.69 9.28 20.76 
  Holobiont Beta 5 0.01 0.08 0.05 0.01 0.03 
 28.1 Symbiont Alpha 5 0.10 0.17 0.14 0.01 0.03 
  Symbiont ETRmax 5 10.85 21.25 16.55 2.00 4.47 
  Symbiont EK 5 102.10 156.69 119.55 9.62 21.51 
  Symbiont Beta 5 0.03 3.08 0.64 0.61 1.36 
         
  Holobiont Alpha 5 0.23 0.27 0.24 0.01 0.02 
  Holobiont ETRmax 5 21.77 31.56 26.73 1.65 3.70 
  Holobiont Ek 5 86.33 127.01 109.93 6.66 14.90 
  Holobiont Beta 5 0.05 0.11 0.08 0.01 0.02 
 31.0 Symbiont Alpha 5 0.15 0.22 0.19 0.01 0.03 
  Symbiont ETRmax 5 19.03 29.54 24.12 2.18 4.87 
  Symbiont EK 5 109.45 154.84 131.96 9.24 20.66 
  Symbiont Beta 5 0.03 0.41 0.13 0.07 0.16 
         
  Holobiont Alpha 2 0.11 0.17 0.14 0.03 0.04 
  Holobiont ETRmax 2 8.01 17.60 12.81 4.80 6.78 
  Holobiont Ek 3 75.14 123.43 101.83 14.17 24.55 
  Holobiont Beta 4 0.00 0.98 0.26 0.24 0.48 
 32.4 Symbiont Alpha 3 0.06 0.17 0.10 0.04 0.06 
  Symbiont ETRmax 3 5.46 13.42 8.66 2.43 4.20 
  Symbiont EK 3 77.83 112.23 90.25 11.02 19.09 
  Symbiont Beta 4 -0.06 0.90 0.22 0.23 0.46 
         
7  Holobiont Alpha 4 0.22 0.25 0.24 0.01 0.01 
  Holobiont ETRmax 4 17.15 34.42 27.10 3.62 7.23 
  Holobiont Ek 4 113.36 138.15 125.86 5.07 10.13 
  Holobiont Beta 4 0.11 0.18 0.14 0.02 0.03 
 11.9 Symbiont Alpha 5 0.04 0.20 0.14 0.03 0.06 
  Symbiont ETRmax 5 2.77 29.15 19.27 4.39 9.81 
  Symbiont EK 5 64.58 144.72 123.23 14.91 33.33 
  Symbiont Beta 4 0.06 2.09 0.64 0.49 0.98 
         
  Holobiont Alpha 5 0.21 0.24 0.23 0.01 0.01 
  Holobiont ETRmax 5 26.98 38.58 32.46 2.20 4.92 
  Holobiont Ek 5 117.30 154.60 135.71 6.20 13.85 
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  Holobiont Beta 5 0.08 0.45 0.29 0.07 0.16 
 15.4 Symbiont Alpha 5 0.13 0.20 0.17 0.01 0.03 
  Symbiont ETRmax 5 14.28 27.23 21.91 2.21 4.95 
  Symbiont EK 5 112.75 160.37 131.04 8.52 19.06 
  Symbiont Beta 5 0.05 1.36 0.45 0.26 0.58 
         
  Holobiont Alpha 5 0.22 0.24 0.23 0.00 0.01 
  Holobiont ETRmax 5 22.06 31.56 28.63 1.69 3.78 
  Holobiont Ek 5 102.41 136.56 125.11 6.00 13.42 
  Holobiont Beta 5 0.04 0.17 0.11 0.02 0.05 
 18.6 Symbiont Alpha 2 0.19 0.20 0.20 0.01 0.01 
  Symbiont ETRmax 2 29.72 31.39 30.56 0.84 1.18 
  Symbiont EK 2 154.31 158.26 156.29 1.98 2.79 
  Symbiont Beta 2 0.26 0.43 0.35 0.09 0.12 
         
  Holobiont Alpha 5 0.23 0.24 0.24 0.00 0.00 
  Holobiont ETRmax 5 22.97 27.22 25.44 0.75 1.68 
  Holobiont Ek 5 95.45 112.07 107.26 3.08 6.89 
  Holobiont Beta 5 0.05 0.08 0.07 0.01 0.01 
 21.4 Symbiont Alpha 5 0.12 0.22 0.16 0.02 0.04 
  Symbiont ETRmax 5 16.67 29.14 22.94 2.22 4.96 
  Symbiont EK 5 130.58 151.68 139.94 4.01 8.96 
  Symbiont Beta 5 0.13 3.69 1.26 0.71 1.58 
         
  Holobiont Alpha 5 0.18 0.22 0.21 0.01 0.02 
  Holobiont ETRmax 5 17.11 28.31 22.63 1.77 3.96 
  Holobiont Ek 5 94.13 126.46 106.65 5.41 12.11 
  Holobiont Beta 5 0.04 0.10 0.06 0.01 0.02 
 23.6 Symbiont Alpha 5 0.15 0.18 0.16 0.01 0.01 
  Symbiont ETRmax 5 10.99 21.50 18.07 1.83 4.09 
  Symbiont EK 5 75.62 134.51 116.30 10.49 23.45 
  Symbiont Beta 5 0.02 2.94 0.63 0.58 1.29 
         
  Holobiont Alpha 2 0.18 0.19 0.19 0.01 0.01 
  Holobiont ETRmax 2 19.96 20.86 20.41 0.45 0.64 
  Holobiont Ek 2 109.75 114.16 111.96 2.21 3.12 
  Holobiont Beta 2 0.01 0.04 0.03 0.02 0.02 
 28.1 Symbiont Alpha 2 0.15 0.17 0.16 0.01 0.01 
  Symbiont ETRmax 2 14.58 16.03 15.31 0.73 1.03 
  Symbiont EK 2 93.44 95.14 94.29 0.85 1.20 
  Symbiont Beta 2 0.02 0.20 0.11 0.09 0.13 
         
  Holobiont Alpha 5 0.23 0.27 0.25 0.01 0.02 
  Holobiont ETRmax 5 24.59 32.35 27.25 1.45 3.24 
  Holobiont Ek 5 96.02 139.19 107.67 8.07 18.04 
 114 
 
  Holobiont Beta 5 0.03 0.08 0.05 0.01 0.02 
 31.0 Symbiont Alpha 4 0.17 0.18 0.17 0.00 0.01 
  Symbiont ETRmax 4 18.18 25.59 21.54 1.53 3.07 
  Symbiont EK 4 107.16 152.87 126.12 9.60 19.20 
  Symbiont Beta 4 0.03 0.21 0.09 0.04 0.08 
         
  Holobiont Alpha 1 0.09 0.09 0.09 x x 
  Holobiont ETRmax 0 x x x x x 
  Holobiont Ek 2 52.87 65.18 59.03 6.16 8.70 
  Holobiont Beta 2 0.00 0.00 0.00 0.00 0.00 
 32.4 Symbiont Alpha 0 x x x x x 
  Symbiont ETRmax 0 x x x x x 
  Symbiont EK 0 x x x x x 
  Symbiont Beta 1 0.00 0.00 0.00 x x 
         
14  Holobiont Alpha 4 0.18 0.20 0.19 0.00 0.01 
  Holobiont ETRmax 4 18.81 25.36 22.58 1.41 2.82 
  Holobiont Ek 4 101.18 132.44 120.75 6.81 13.62 
  Holobiont Beta 4 0.07 0.13 0.10 0.02 0.03 
 11.9 Symbiont Alpha 5 0.10 0.20 0.16 0.02 0.05 
  Symbiont ETRmax 5 4.65 18.97 14.69 2.63 5.87 
  Symbiont EK 5 49.24 124.30 91.41 12.67 28.33 
  Symbiont Beta 5 0.00 0.08 0.03 0.01 0.03 
         
  Holobiont Alpha 5 0.21 0.24 0.23 0.01 0.01 
  Holobiont ETRmax 5 28.13 37.21 31.65 1.57 3.51 
  Holobiont Ek 5 115.35 160.42 138.26 7.79 17.42 
  Holobiont Beta 4 0.04 0.38 0.14 0.08 0.16 
 15.4 Symbiont Alpha 5 0.10 0.21 0.17 0.02 0.04 
  Symbiont ETRmax 5 11.91 27.85 22.46 2.80 6.26 
  Symbiont EK 5 119.30 162.19 133.46 7.73 17.28 
  Symbiont Beta 5 0.03 3.88 0.82 0.77 1.71 
         
  Holobiont Alpha 4 0.20 0.25 0.23 0.01 0.02 
  Holobiont ETRmax 4 24.13 37.12 28.51 3.06 6.12 
  Holobiont Ek 4 99.69 150.24 123.85 10.34 20.68 
  Holobiont Beta 4 0.05 0.08 0.06 0.01 0.01 
 18.6 Symbiont Alpha 4 0.13 0.21 0.18 0.02 0.04 
  Symbiont ETRmax 4 15.14 32.91 22.56 3.76 7.51 
  Symbiont EK 4 97.99 158.21 124.66 13.01 26.02 
  Symbiont Beta 3 0.03 0.10 0.06 0.02 0.04 
         
  Holobiont Alpha 5 0.15 0.27 0.24 0.02 0.05 
  Holobiont ETRmax 5 17.30 35.07 28.21 3.62 8.10 
  Holobiont Ek 5 85.49 137.74 120.10 9.20 20.57 
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  Holobiont Beta 5 0.04 0.38 0.17 0.06 0.14 
 21.4 Symbiont Alpha 5 0.14 0.22 0.18 0.02 0.04 
  Symbiont ETRmax 5 18.04 31.20 25.01 2.29 5.12 
  Symbiont EK 5 101.79 162.90 138.75 10.84 24.24 
  Symbiont Beta 5 0.02 3.54 1.41 0.68 1.53 
         
  Holobiont Alpha 5 0.19 0.26 0.24 0.01 0.03 
  Holobiont ETRmax 5 21.08 26.94 24.53 1.06 2.37 
  Holobiont Ek 5 92.23 112.45 104.25 4.28 9.57 
  Holobiont Beta 5 0.05 0.08 0.06 0.01 0.01 
 31.0 Symbiont Alpha 5 0.17 0.22 0.20 0.01 0.02 
  Symbiont ETRmax 5 17.63 27.31 22.44 1.60 3.58 
  Symbiont EK 5 105.15 129.28 113.41 4.21 9.40 
  Symbiont Beta 5 0.03 0.10 0.05 0.01 0.03 
         
21  Holobiont Alpha 5 0.18 0.23 0.21 0.01 0.02 
  Holobiont ETRmax 5 19.62 27.50 22.54 1.40 3.13 
  Holobiont Ek 5 101.54 131.05 109.04 5.61 12.54 
  Holobiont Beta 4 0.03 0.17 0.07 0.03 0.07 
 11.9 Symbiont Alpha 5 0.09 0.15 0.12 0.01 0.03 
  Symbiont ETRmax 5 10.45 16.21 13.77 0.97 2.16 
  Symbiont EK 5 101.25 132.50 116.44 5.95 13.31 
  Symbiont Beta 5 0.02 0.23 0.08 0.04 0.09 
         
  Holobiont Alpha 5 0.21 0.26 0.23 0.01 0.02 
  Holobiont ETRmax 5 19.79 32.85 25.85 2.36 5.27 
  Holobiont Ek 5 94.69 136.39 110.17 7.49 16.76 
  Holobiont Beta 5 0.04 0.10 0.07 0.01 0.02 
 15.4 Symbiont Alpha 4 0.12 0.20 0.17 0.02 0.03 
  Symbiont ETRmax 4 12.22 28.40 23.12 3.78 7.56 
  Symbiont EK 4 98.62 152.24 132.43 11.69 23.37 
  Symbiont Beta 4 0.03 1.71 0.55 0.39 0.78 
         
  Holobiont Alpha 5 0.21 0.27 0.23 0.01 0.02 
  Holobiont ETRmax 5 23.20 38.70 30.91 2.58 5.76 
  Holobiont Ek 5 101.56 166.42 136.76 13.89 31.05 
  Holobiont Beta 4 0.04 0.50 0.19 0.11 0.22 
 18.6 Symbiont Alpha 5 0.15 0.20 0.19 0.01 0.02 
  Symbiont ETRmax 5 19.87 33.65 24.78 2.49 5.56 
  Symbiont EK 5 101.60 179.38 135.71 15.74 35.20 
  Symbiont Beta 5 0.04 2.04 0.47 0.39 0.88 
         
  Holobiont Alpha 5 0.21 0.29 0.26 0.01 0.03 
  Holobiont ETRmax 5 22.25 28.21 25.43 0.98 2.18 
  Holobiont Ek 5 89.86 107.20 98.12 3.71 8.30 
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  Holobiont Beta 5 0.04 0.08 0.06 0.01 0.01 
 21.4 Symbiont Alpha 5 0.14 0.20 0.17 0.01 0.02 
  Symbiont ETRmax 5 14.17 22.83 19.41 1.47 3.29 
  Symbiont EK 5 101.82 129.32 113.64 4.95 11.06 
  Symbiont Beta 5 0.02 0.07 0.05 0.01 0.02 
         
  Holobiont Alpha 3 0.22 0.27 0.25 0.02 0.03 
  Holobiont ETRmax 3 18.54 27.82 23.53 2.70 4.68 
  Holobiont Ek 3 69.92 125.08 95.60 16.04 27.77 
  Holobiont Beta 3 0.03 0.08 0.05 0.01 0.03 
 31.0 Symbiont Alpha 3 0.16 0.18 0.17 0.01 0.01 
  Symbiont ETRmax 3 16.87 24.69 21.24 2.30 3.99 
  Symbiont EK 3 104.68 145.30 123.71 11.80 20.43 
  Symbiont Beta 3 0.03 0.14 0.09 0.03 0.06 
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Appendix J.  Experiments 1 and 2:  Bonferroni Ad-Hoc comparisons of holobiont and symbiont 
light curve parameter alpha, ETRmax and Ek. 
   
Alpha ETRmax Ek 
   
Holobiont Symbiont Holobiont Symbiont Holobiont Symbiont 
Experiment 
Temperature 
Treatment 
(°C) Day Mean Score Mean Score Mean Score Mean Score Mean Score Mean Score 
1 11.9 1 0.20 w 0.11 b,c 22.1 w 12.5 c 111.6 w 114.5 b 
1 11.9 3 0.22 v,w 0.13 b 26.3 v 14.4 c 130.8 v 106.5 b 
1 11.9 5 0.23 v 0.12 b 26.0 v 15.4 c 118.3 w 130.5 a 
1 11.9 7 0.24 v 0.14 b 27.1 v 19.3 b 125.8 v 123.2 b 
1 11.9 14 0.19 w 0.16 a 22.6 w 14.7 c 120.8 v 91.4 c 
1 11.9 21 0.21 v,w 0.12 b 22.5 w 13.8 c 109.0 w 116.4 b 
1 15.4 1 0.20 w 0.11 b,c 22.1 w 12.5 c 111.6 w 114.5 b 
1 15.4 3 0.26 v 0.17 a 28.5 v 23.4 b 111.4 w 136.4 a 
1 15.4 5 0.23 v 0.16 a 27.8 v 22.3 b 121.4 v 145.2 a 
1 15.4 7 0.23 v 0.17 a 32.5 v 21.9 b 135.7 v 131.0 a 
1 15.4 14 0.23 v 0.17 a 31.7 v 22.5 b 138.3 v 133.5 a 
1 15.4 21 0.23 v 0.17 a 25.9 v 23.1 b 110.2 w 132.4 a 
1 18.6 1 0.20 w 0.11 b,c 22.1 w 12.5 c 111.6 w 114.5 b 
1 18.6 3 0.20 w 0.15 a,b 24.3 v 20.2 b 118.8 w 130.8 a 
1 18.6 5 0.23 v 0.17 a 26.4 v 20.5 b 115.3 w 122.6 b 
1 18.6 7 0.23 v 0.20 a 28.6 v 30.6 a 125.1 v 156.3 a 
1 18.6 14 0.23 v 0.18 a 28.5 v 22.6 b 123.6 v 124.7 b 
1 18.6 21 0.23 v 0.19 a 30.9 v 24.8 b 136.8 v 135.7 a 
1 21.4 1 0.20 w 0.11 b,c 22.1 w 12.5 c 111.6 w 114.5 b 
1 21.4 3 0.23 v 0.10 c 28.0 v 12.1 c 123.7 v 123.9 b 
1 21.4 5 0.24 v 0.19 a 26.4 v 24.6 b 110.1 w 135.1 a 
1 21.4 7 0.24 v 0.16 a 25.4 v 22.9 b 107.3 w 139.9 a 
1 21.4 14 0.24 v 0.18 a 28.2 v 25.0 b 120.1 v 138.8 a 
1 21.4 21 0.26 v 0.17 a 25.4 v 19.4 b 98.1 w,x 113.6 b 
2 23.6 1 0.28 v 0.19 a 29.4 v 23.3 b 103.4 w,x 120.6 b 
2 23.6 3 0.24 v 0.13 b 26.1 v 15.9 c 108.4 w 117.8 b 
2 23.6 5 0.22 v,w 0.16 a 21.6 w 18.8 b 97.1 w,x 122.5 b 
2 23.6 7 0.21 w 0.16 a 22.6 w 18.0 b 106.7 w 116.3 b 
2 28.1 1 0.28 v 0.19 a 29.4 v 23.3 b 103.4 w 120.6 b 
2 28.1 3 0.22 v,w 0.16 a 25.1 v 18.9 c 117.7 w 117.7 b 
2 28.1 5 0.18 w 0.14 b 19.2 w 16.6 c 105.7 w 119.6 b 
2 28.1 7 0.19 w 0.16 a 20.4 w 15.3 c 112.0 w 94.3 c 
1 31.0 1 0.20 w 0.11 b,c 22.1 w 12.5 c 111.6 w 114.5 b 
1 31.0 3 0.26 v 0.14 b 28.2 v 17.8 b 107.7 w 122.0 b 
1 31.0 5 0.24 v 0.19 a 26.7 v 24.1 b 109.9 w 132.0 a 
1 31.0 7 0.25 v 0.17 a 27.3 v 21.5 b 107.7 w 126.1 b 
1 31.0 14 0.24 v 0.20 a 24.5 w 22.4 b 104.3 w 113.4 b 
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1 31.0 21 0.25 v 0.17 a 23.5 w 21.2 b 95.6 w 123.7 b 
2 32.4 1 0.28 v 0.19 a 29.4 v 23.3 b 103.4 w,x 120.6 b 
2 32.4 3 0.15 w,x 0.12 b 14.5 x 10.5 c 106.8 w 89.3 c 
2 32.4 5 0.14 x 0.10 c 12.8 y 8.7 d 101.8 w,x 90.3 c 
2 32.4 7 0.09 y  < 0.1 ND dead 
 
dead 
 
59.0 x 
  
1 33.9 1 ND ND ND ND ND ND ND ND ND ND ND ND 
1 33.9 3 ND ND ND ND ND ND ND ND ND ND ND ND 
1 33.9 5 ND ND ND ND ND ND ND ND ND ND ND ND 
1 33.9 7 ND ND ND ND ND ND ND ND ND ND ND ND 
1 33.9 14 ND ND ND ND ND ND ND ND ND ND ND ND 
1 33.9 21 ND ND ND ND ND ND ND ND ND ND ND ND 
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Appendix K1a:  Experiment 1 and 2:  Derived rETR and ETR from select holobiont median 
RLCs by temperature treatment on day 1.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = 
PAR x Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 21.4 23.6 
PAR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 
31 7.95 6.68 9.61 8.07 
94 18.00 15.12 22.09 18.56 
199 25.67 21.56 31.94 26.83 
303 25.76 21.63 31.36 26.34 
454 24.74 20.78 30.42 25.55 
620 22.63 19.01 28.21 23.70 
903 17.16 14.41 19.87 16.69 
1199 6.59 5.54 11.39 9.57 
 
 
Appendix K1b:  Experiment 3:  Derived rETR and ETR from select holobiont median RLCs by 
temperature treatment on day 1.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 4.4 24.0 
PAR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 
10 2.93 2.46 2.94 2.47 
16 3.95 3.32 3.75 3.15 
24 4.85 4.07 4.58 3.85 
38 5.62 4.72 5.59 4.69 
55 6.13 5.15 6.38 5.36 
81 6.93 5.82 7.29 6.12 
122 7.08 5.94 7.63 6.41 
183 7.41 6.23 8.51 7.15 
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Appendix K1c.  Experiments 1, 2 and 3:  Derived select holobiont median chlorophyll 
fluorescence and light curve parameters from day 1.  [Note:  Alpha, ETRmax and Ek were derived 
using Wincontrol3® software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = 
rETRmax/alpha].   
Temperature (◦C) 4.4(3) 21.4(1) 23.6(2) 24.0(3) 
 Parameter Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 
alpha x 0.22 0.22 x 0.28 x x 0.19 
rETRmax x 6.88 27.38 x 33.26 x x 7.62 
rEk x 31.39 126.18 x 117.94 x x 40.33 
         
alpha x 0.22 0.22 0.25 0.28 0.30 x 0.19 
ETRmax x 5.78 23.00 17.10 27.94 21.40 x 6.40 
Ek x 26.39 106.15 69.00 99.20 71.20 x 33.86 
beta -0.005 x 0.079 x 0.064 x -0.009 x 
Fo x 362 340 340 377 377 x 224 
Yield x 0.72 0.68 0.68 0.76 0.76 x 0.74 
 
Appendix K2a.  Experiment 1 and 2:  Derived rETR and ETR from select holobiont median 
RLCs by temperature treatment on day 7.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = 
PAR x Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 11.9(1) 21.4(1) 23.6(2) 28.1(2) 31.0(1) 
PAR rETR ETR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
31 8.53 7.16 8.48 7.12 8.54 7.17 7.13 5.99 9.35 7.85 
94 19.27 16.19 19.88 16.70 17.20 14.45 14.76 12.40 21.34 17.92 
199 29.45 24.74 28.36 23.82 24.78 20.81 21.19 17.80 30.05 25.24 
303 31.06 26.09 28.33 23.80 25.00 21.00 21.97 18.45 29.24 24.56 
454 31.33 26.31 28.38 23.84 24.97 20.97 22.70 19.07 28.15 23.64 
620 29.45 24.74 25.42 21.35 22.63 19.01 22.32 18.75 25.73 21.61 
903 21.22 17.83 18.51 15.55 18.96 15.93 15.35 12.89 19.41 16.31 
1199 11.39 9.57 8.99 7.55 8.99 7.55 10.19 8.56 8.99 7.55 
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Appendix K2b.  Experiment 1 and 2:  Derived select holobiont median chlorophyll fluorescence 
and light curve parameters from day 7.  .  [Note:  Alpha, ETRmax and Ek were derived using 
Wincontrol3® software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = 
rETRmax/alpha].  
  Temperature (°C) 
 
11.9(1) 21.4(1) 23.6(2) 28.1(2) 31.0(1) 
Parameter Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 
alpha 0.22 0.25 0.24 0.23 0.22 0.24 0.18 0.2 0.27 0.3 
rETRmax 33 25.6 30.4 26.4 26.6 20.8 23.8 18.9 31.2 23.6 
rEk 149.5 102.4 128.1 114.9 123.2 86.4 135.8 96.5 114.2 78.6 
           
alpha 0.22 0.25 0.24 0.23 0.22 0.24 0.18 0.2 0.27 0.3 
ETRmax 27.8 21.5 25.5 22.2 22.3 17.5 20 15.9 26.2 19.8 
Ek 125.4 86.7 107.2 96 103.3 72.4 114.2 81.1 96 66.7 
beta 0.12 x 0.078 x 0.045 x 0.042 x 0.061 x 
Fo 327 327 350 350 334 334 412 412 375 375 
Yield 0.74 0.74 0.76 0.76 0.75 0.75 0.65 0.65 0.79 0.79 
 
Appendix K2c.  Experiment 3:   Derived rETR and ETR from select holobiont median RLCs by 
temperature treatment on day 7.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 4.4 24.0 27.3 29.5 
PAR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 2.46 2.07 2.40 2.01 2.51 2.11 2.44 2.05 
16 2.96 2.49 2.99 2.51 2.73 2.29 2.89 2.43 
24 3.58 3.00 3.24 2.72 2.66 2.24 3.02 2.54 
38 4.39 3.69 3.80 3.19 2.91 2.44 3.42 2.87 
55 4.73 3.97 4.13 3.47 3.08 2.59 3.47 2.91 
81 5.47 4.59 4.58 3.84 3.36 2.82 3.69 3.10 
122 5.43 4.56 4.27 3.59 3.05 2.56 3.36 2.82 
183 5.86 4.92 4.21 3.54 2.84 2.38 3.02 2.54 
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Appendix K2d.  Experiment 3:  Select holobiont median chlorophyll fluorescence and light 
curve parameters from day 7.  .  [Note:  Alpha, ETRmax and Ek were derived using Wincontrol3® 
software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = rETRmax/alpha].  
Temperature (°C) 4.4 24.0 27.3 29.5 
Parameter Reg1 Reg2 Reg1 Reg2 Reg1 Reg2 Reg1 Reg2 
alpha x 0.16 0.29 0.19 x 0.28 0.23 0.29 
rETRmax x 5.41 3.57 4.20 x 2.98 3.34 3.57 
rEk x 32.98 12.32 22.35 x 10.52 14.35 12.32 
         
alpha x 0.16 0.29 0.19 x 0.28 0.23 0.29 
ETRmax x 4.54 3.00 3.53 x 2.50 2.81 3.00 
Ek x 27.7 10.2 18.8 x 8.8 12.0 10.2 
beta -0.005 x 0 x 0 x 0.003 x 
Fo 308 308 332 332 430 430 418 418 
Yield 0.66 0.66 0.65 0.65 0.70 0.70 0.65 0.65 
 
 
Appendix K3a.  Experiment 1:   Derived rETR and ETR from select holobiont median RLCs by 
temperature treatment on day 21.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 11.9 21.4 31.0 
PAR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 
31 6.30 5.29 9.77 8.20 8.88 7.46 
94 14.70 12.35 21.43 18.00 19.55 16.42 
199 22.70 19.07 31.84 26.75 28.26 23.74 
303 21.60 18.14 29.09 24.43 27.57 23.16 
454 22.70 19.07 28.83 24.22 26.56 22.31 
620 20.10 16.88 24.49 20.57 22.32 18.75 
903 16.30 13.69 17.61 14.79 17.61 14.79 
1199 11.10 9.32 10.19 8.56 9.59 8.06 
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Appendix K3b.  Experiment 1:  Derived select holobiont median chlorophyll fluorescence and 
light curve parameters from day 21. .  [Note:  Alpha, ETRmax and Ek were derived using 
Wincontrol3® software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = 
rETRmax/alpha].  
Temperature (°C) 11.9 21.4 31.0 
Parameter Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 
alpha 0.23 0.23 0.29 0.31 0.26 0.28 
rETRmax 27.73 22.65 31.45 23.66 28.83 21.96 
rEk 121.11 100.67 106.97 77.33 109.20 79.58 
       
alpha 0.23 0.23 0.29 0.31 0.26 0.28 
ETRmax 23.30 19.03 26.42 19.88 24.22 18.45 
Ek 101.54 84.43 89.86 64.90 91.81 66.87 
beta 0.034 x 0.059 x 0.051 x 
Fo 292 292 273 273 289 289 
Yield 0.70 0.70 0.78 0.78 0.73 0.73 
 
 
Appendix K3c.  Experiment 3:   Derived rETR and ETR from select holobiont median RLCs by 
temperature treatment on day 21.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 4.4 24.0 27.3 29.5 
PAR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 2.49 2.09 0.95 1.90 2.18 1.83 2.17 1.82 
16 2.94 2.47 1.02 2.00 2.32 1.95 2.45 2.06 
24 3.12 2.62 1.06 2.00 2.59 2.17 2.30 1.94 
38 3.53 2.97 1.18 2.10 2.75 2.31 2.55 2.14 
55 3.66 3.07 1.18 2.20 3.29 2.77 2.70 2.26 
81 3.93 3.30 0.89 1.70 3.57 3.00 3.04 2.55 
122 3.60 3.02 0.06 0.10 1.83 1.54 2.68 2.25 
183 3.39 2.84 0.00 0.00 1.47 1.23 3.11 2.61 
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Appendix K3d.  Experiment 3:  Derived select holobiont median chlorophyll fluorescence and 
light curve parameters from day 21. .  [Note:  Alpha, ETRmax and Ek were derived using 
Wincontrol3® software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = 
rETRmax/alpha].  
Temperature(°C) 4.4 24.0 27.3 29.5 
Parameter Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 Reg 1 Reg 2 
alpha 0.30 0.24 0.09 0.36 0.07 0.10 x 0.22 
rETRmax 3.57 3.57 2.81 3.49 3.38 2.57 x 2.76 
rEk 11.79 15.21 31.53 9.78 48.30 25.42 x 12.62 
         
alpha 0.30 0.24 0.09 0.36 0.07 0.10 x 0.22 
ETRmax 3.00 3.00 2.36 2.93 2.84 2.16 x 2.32 
Ek 10.30 12.78 26.43 11.77 40.12 21.34 x 10.61 
beta 0.002 x 1.54 0.51 0.046 x -0.003 x 
Fo 362 362 499 499 316 316 315 315 
Yield 0.65 0.65 0.62 0.62 0.64 0.64 0.57 0.57 
 
 
Appendix K4a:  Experiment 3 Derived rETR and ETR from select holobiont median RLCs by 
temperature treatment on day 31.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 4.4 24.0 27.3 29.5 
PAR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 1.17 1.00 2.57 2.20 2.57 2.20 2.89 2.40 
16 0.90 0.80 2.50 2.10 2.84 2.40 3.18 2.70 
24 0.50 0.40 2.08 1.70 2.99 2.50 3.11 2.60 
38 0.65 0.50 2.07 1.70 3.23 2.70 3.21 2.70 
55 0.63 0.50 2.04 1.70 3.03 2.50 3.14 2.60 
81 0.77 0.60 1.94 1.60 3.08 2.60 3.12 2.60 
122 0.37 0.30 1.65 1.40 2.20 1.80 2.62 2.20 
183 0.55 0.50 1.01 0.80 1.92 1.60 2.20 1.80 
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Appendix K4b.  Experiment 3:  Derived select holobiont median chlorophyll fluorescence and 
light curve parameters from day 31.  .  [Note:  Alpha, ETRmax and Ek were derived using 
Wincontrol3® software regression (Reg) 1 and 2.  rETRmax = ETRmax/ (0.84),  rEk = 
rETRmax/alpha].  
Temperature (°C) 4.4 24.0 27.3 29.5 
Parameter Reg 1 Reg 2* Reg 1 Reg 2* Reg 1 Reg 2 Reg 1 Reg 2 
alpha x 0.10 x 0.22 0.37 0.46 0.51 0.61 
rETRmax x 1.19 x 2.62 3.21 2.74 3.33 2.98 
rEk x 11.90 x 11.90 8.69 5.95 6.54 4.88 
         
alpha x 0.1 x 0.22 0.37 0.46 0.51 0.61 
ETRmax x 1.0 x 2.0 2.70 2.30 2.80 2.50 
Ek x 10.0 x 10.0 7.30 5.00 5.40 4.00 
beta x x x x 0.011 x 0.007 x 
Fo 420 420 340 340 259 259 348 348 
Yield 0.44 0.44 0.71 0.71 0.69 0.69 0.74 0.74 
 
*Parameters guesstimated by using the ETR light curve and equation ETRmax = (alpha) x Ek. 
 
Appendix L1a.  Experiment 1 and 2:   Derived rETR values from select holobiont mean RLCs 
by temperature treatment on day 7.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 
 
11.9(1) 21.4(1) 23.6(2) 28.1(2) 31.0(1) 
PAR rETR ETR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
31 7.18 6.03 8.31 6.98 8.07 6.78 5.63 4.73 8.97 7.53 
94 16.44 13.81 19.20 16.13 17.25 14.49 12.38 10.40 20.44 17.17 
199 25.59 21.50 28.42 23.87 24.96 20.96 18.85 15.83 30.11 25.29 
303 26.54 22.29 28.63 24.05 25.70 21.59 18.13 15.23 30.21 25.38 
454 26.88 22.58 28.33 23.80 26.04 21.88 19.74 16.58 30.87 25.93 
620 24.92 20.93 25.80 21.67 23.92 20.10 19.66 16.51 28.64 24.06 
903 17.43 14.64 18.33 15.40 18.93 15.90 17.26 14.50 22.48 18.88 
1199 10.07 8.46 10.67 8.96 10.03 8.43 11.58 9.73 13.79 11.58 
 
 
 126 
 
AppendixL1b.  Experiment 1 and 2 and Walker et al (2011):  Comparison of select holobiont 
mean physical, light curve trends and parameters from day 7.  (Note:  Alpha, ETRmax, Ek and 
beta derived using Wincontrol3® software regression 1).   
Temperature (°C) 
  11.9 21.4 23.4 28.1 31.0 
Walker 
Median 
alpha 0.23 0.24 0.21 0.12 0.25 1.18 
ETRmax 27.10 25.44 22.62 13.60 27.25 120.00 
Ek 125.86 107.26 106.65 74.60 107.67 85.70 
beta 0.143 0.069 0.058 0.020 0.054 x 
ETRmPot 86.28 50.68 44.40 x 48.36 x 
diameter 2.5 2.6 2.1 2.3 2.3 2.9 
Chl a/foram 0.28 0.19 0.22 0.12 0.23 0.24 
Yield 0.72 0.75 0.73 0.45 0.75 x 
 
 
AppendixL2a.  Experiment 3:   Derived rETR values from select holobiont mean RLCs by 
temperature treatment on day 7.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
Temperature (°C) 4.4 24.0 27.3 29.5 
PAR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 2.47 2.07 2.49 2.09 1.98 1.66 2.36 1.98 
16 3.05 2.56 3.06 2.57 2.22 1.86 2.85 2.39 
24 3.59 3.01 3.43 2.88 2.24 1.88 3.10 2.60 
38 4.34 3.64 4.01 3.37 2.56 2.15 3.67 3.08 
55 4.70 3.95 4.32 3.63 2.70 2.27 3.90 3.28 
81 5.26 4.42 4.67 3.92 2.90 2.44 4.44 3.73 
122 5.28 4.44 4.58 3.84 2.70 2.27 4.34 3.65 
183 5.49 4.61 4.54 3.81 2.64 2.22 4.39 3.69 
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AppendixL2b.  Experiment 3 and Walker et al (2011):  Comparison of select holobiont mean 
physical, light curve trends and parameters on day 7.  (Note:  Alpha, ETRmax, Ek and beta derived 
using Wincontrol3® software regression 1).   
Temperature (°C) 
 Parameter 4.4 24.0 27.3 29.5 Walker 
alpha 0.18 0.21 0.24 0.20 1.18 
ETRmax 4.36 3.80 3.23 3.68 120.00 
Ek 24.71 19.89 15.15 21.23 85.70 
      diameter 1.90 2.20 2.3 2.2 2.87 
chl a 0.08 0.10 0.25 0.19 0.24 
Fo 363 322 386 338 x 
Yieldmax 0.664 0.668 0.615 0.619 x 
 
 
AppendixL3a.  Experiment 1:   Derived rETR values from select holobiont mean RLCs by 
temperature treatment on day 21.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
  Temperature (°C) 
 
21.4 11.9 31.0 
PAR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 
31 9.24 7.76 6.30 5.29 6.65 5.59 
94 19.93 16.74 14.58 12.25 13.98 11.74 
199 29.33 24.64 23.29 19.56 20.62 17.32 
303 28.21 23.70 22.37 18.79 19.66 16.51 
454 28.24 23.72 23.88 20.06 19.52 16.40 
620 25.48 21.40 21.46 18.03 16.90 14.20 
903 18.15 15.25 15.72 13.20 14.34 12.05 
1199 11.03 9.27 10.67 8.96 7.34 6.17 
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Appendix L3b.  Experiment 3:  Derived rETR values from select holobiont mean RLCs by 
temperature treatment on day 21.  [Note:  PAR = µmol photons m-2 s-1 (i.e., E), ETR = PAR x 
Fv/Fm x (0.5) x (0.84), rETR = PAR x Fv/Fm x (0.5)]. 
  Temperature (°C) 
 
4.4 
 
24.0 
 
27.3 
 
29.5 
 PAR rETR ETR rETR ETR rETR ETR rETR ETR 
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
10 2.28 1.92 2.33 1.96 2.31 1.94 2.16 1.81 
16 2.69 2.26 2.52 2.12 2.55 2.14 2.44 2.05 
24 2.84 2.39 2.46 2.07 2.54 2.13 2.43 2.04 
38 3.20 2.69 2.68 2.25 2.79 2.34 2.81 2.36 
55 3.32 2.79 2.78 2.34 3.10 2.60 3.00 2.52 
81 3.66 3.07 2.78 2.34 3.47 2.91 3.30 2.77 
122 3.66 3.07 2.20 1.85 3.03 2.55 3.28 2.76 
183 3.51 2.95 2.05 1.72 3.17 2.66 3.24 2.72 
 
 
Appendix L3c.  Experiment 1, 3 and Walker et al (2011):  Comparison of select holobiont mean 
physical, light curve trends and parameters from day 21.  (Note:  Alpha, ETRmax,Ek and beta 
derived using Wincontrol3® software regression 1).   
 Temperature (°C) 
Parameter 4.4(3) 11.9(1) 21.4(1) 24.0(3) 27.3(3) 29.5(3) 31.0(1) 
alpha 0.24 0.21 0.26 0.66 0.20 0.21 0.25 
ETRmax 2.92 23.11 25.43 2.64 2.64 2.65 23.52 
Ek 14.42 110.90 98.12 9.11 17.01 14.84 95.60 
beta x 0.07 0.06 x x x 0.05 
chl a 0.31 0.24 0.19 0.30 0.11 0.14 0.17 
Fo 342 335 349 387 374 339 291 
Yield 0.645 0.664 0.747 0.639 0.640 0.592 0.603 
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Appendix M.   Experiment 1 and 2:  Spearman rho correlation analyses of holobiont and 
symbiont chlorophyll a, temperature, yields, diameter and Fo.  [Note:  p < 0.001, (n-1)]. 
 Holobiont Symbiont 
Variable Chlorophyll Diameter Chlorophyll Diameter 
     
     
Temperature rs (175) = -0.37    
Yield rs (172) = 0.31 rs (343) = 0.15 rs (175) = 0.25  
Fo rs (172) = 0.29 rs (343) = 0.29 rs (175) = 0.30 rs (341) = 0.10 
     
  
 
Appendix N.   Water temperature and light intensity means recorded at the Keys Marine 
Laboratory on Long Key, Florida (May 30th-June 3rd, 2012) using HOBO® sensor and software.  
Parameter Date 30-May 31-May 1-Jun 2-Jun 3-Jun 
Overall 
Mean 
 
N 287 287 287 287 239 277 
 
Min 31.1 30.3 29.3 28.4 25.2 28.8 
Temperature (°C) Max 35.3 33.1 31.7 31.2 32.9 32.8 
 
Mean 32.8 31.5 30.2 29.6 29.8 30.8 
 
SD 1.3 0.6 0.5 0.8 1.7 1.0 
        
 
N 163 165 160 166 162 163 
 
Min 12.6 12.3 12.3 12.3 12.5 12.4 
Light Intensity Max 1295.2 597.2 229.2 446.2 330.0 579.6 
(µmol photons m
-2
s
-1
) Mean 170.7 90.0 59.3 105.7 102.7 105.7 
  SD 162.7 86.1 55.1 92.8 80.3 95.4 
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Appendix O.  Experiment 1, 2 and 3 and Walker et al. (2011): Comparison of median holobiont 
parameters of diameter (mm), mean chlorophyll a (µg) per foram, alpha (α), ETRmax, Ek, beta, Fo 
and yield on day 7.  (Note:  Calculated and derived using Wincontrol3® software regression 1 
for Experiments 1 and 2, and regression 2 for Experiment 3). 
Temperature 
(°C)    alpha    ETRmax Ek   beta Fo Yield Diameter 
Chl a per 
foram 
4.4(3) 0.16 4.54 27.68 -0.005 308 0.662 2.0 0.08 
11.9(1) 0.22 27.76 125.37 0.120 327 0.739 2.5 0.28 
21.4(1) 0.24 25.51 107.21 0.078 350 0.759 2.6 0.19 
23.6(2) 0.22 22.35 103.27 0.045 334 0.749 2.1 0.22 
24.0(3) 0.19 3.53 18.76 0.000 332 0.651 2.2 0.10 
27.3(3) 0.28 2.50 8.84 0.000 430 0.697 2.1 0.25 
28.1(2) 0.18 19.96 114.16 0.042 412 0.652 1.5 0.08 
29.5(3) 0.23 2.81 12.05 0.003 418 0.651 2.5 0.19 
31.0(1) 0.27 26.18 96.02 0.061 375 0.788 2.3 0.23 
Walker Median 1.18 x 85.70 x x x 2.9 0.24 
Walker Range 0.55-5.74 x 35.3-163 x x x 2.2-4.3 0.14-0.39 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
